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ABSTRACT 
Performance of Concrete Incorporating Colloidal Nano-Silica 
By 
Mohamed Sabry Zeidan 
Dr. Aly M. Said, Examination Committee Chair  
Associate Professor of Civil Engineering 
University of Nevada, Las Vegas  
 
Nanotechnology, as one of the most modern fields of science, has great market potential 
and economic impact. The need for research in the field of nanotechnology is 
continuously on the rise. During the last few decades, nanotechnology was developing 
rapidly into many fields of applied sciences, engineering and industrial applications, 
especially through studies of physics, chemistry, medicine and fundamental material 
science. These new developments may be attributed to the fact that material properties 
and performance can be significantly improved and controlled through nano-scale 
processes and nano-structures. 
This research program aims at 1) further understanding the behavior of cementitious 
materials when amended on the nano-scale level and 2) exploring the effect of this 
enhancement on the microstructure of cement matrix. This study may be considered as an 
important step towards better understanding the use of nano-silica in concrete. The main 
goal of the study is to investigate the effect of using colloidal nano-silica on properties of 
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concrete, including mechanical properties, durability, transport properties, and 
microstructure. 
The experimental program that was conducted included a laboratory investigation of 
concrete mixtures in which nano-silica was added to cement or to a combination of 
cement and Class F fly ash. Various ratios of nano-silica were used in concrete mixtures 
to examine the extent and types of improvements that could be imparted to concrete. The 
conducted experimental program assessed these improvements in terms of reactivity, 
mechanical properties, and durability of the mixtures under investigation. Advanced 
testing techniques – including mercury intrusion porosimetry (MIP) and scanning 
electron microscopy (SEM) – were used to investigate the effect of nano-silica on the 
microstructure of the tested mixtures. In addition, the effect of nano-silica on the alkali-
silica reaction (ASR) was examined using various techniques, including testing of 
accelerated mortar-bar and strength. 
Furthermore, this study investigated the deterioration of concrete caused by salt 
crystallization in concrete pores. This physical effect of salt on concrete may cause 
significant damage under certain environmental conditions in regions where soil is laden 
with large amounts of certain salts. The effect of nano-silica on this special type of 
environmental attack was explored by means of a new non-standard testing procedure, 
including the simulation of changing seasons, on concrete specimens partially immersed 
in salt solution. These concrete specimens represented concrete structures with 
foundations in salt-rich soils. 
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Chapter 1: Introduction and Background 
The new technological capabilities made it possible to explore and control new levels of 
existence which were never known before. Although the nano-sized matter existed as 
early as the existence of earth, but it was not until early 20
th
 century when the nano-scale 
science started with the study of the molecular and atomic sized objects. However, the 
development of methods to control the materials on the nano-scale level was not started 
until the last few decades (Porro, 2005). 
Current global trends are shifting towards a more sustainable construction industry, 
which has generated new research needs to control and improve concrete performance. 
The main approach applied to produce sustainable concrete is to reduce consumption of 
portland cement, while building more durable structures that have longer service life, yet 
require minimal maintenance. The reduction of portland cement use may be achieved 
either by decreasing its content in concrete mixtures or through replacing cement with 
recycled materials, thus reducing the carbon footprint of concrete (Berndt, 2009). 
Furthermore, using other recycled materials (e.g. recycled concrete or aggregates) in 
mixtures is considered as one of the sustainable solutions for concrete (Domtoft et al., 
2008). 
Another significantly important aspect of concrete sustainability is extending concrete 
structures’ service time while reducing maintenance cost. This is mainly depending on 
enhancing concrete serviceability, long-term durability and resistance to aggressive 
environmental attacks (Mehta, 2002). This aspect becomes especially critical in case of 
structure expected to have a long service life in harsh conditions including, but not 
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limited to, highway pavements and bridges, dams and marine structures. In these cases 
improving durability of concrete may have a significant impact on the life cycle and 
maintenance plans for these structures. Concrete pavements and dams demonstrated over 
the last century that adequately designed and maintained concrete can serve for several 
decades. As an example, the first concrete paved road in the United States constructed in 
Bellefontaine, Ohio is still in service. Although this 8 ft strip of the street was built more 
than 120 years ago (in 1891), it is up till now opened for light vehicular traffic (Snell and 
Snell, 2002). 
1.1 Nanotechnology and Concrete 
Nanotechnology was earlier defined by Drexler et al. (1991) as “the control of the 
structure of matter based on molecule-by-molecule control of products and byproducts”. 
Nanotechnology can be considered as the most modern fields of science and technology. 
Having great market potentials and economical impact, the need for research in field of 
nanotechnology is increasingly on the rise. These studies aim at further developing the 
understanding of materials’ behavior on the nano-scale level, which can lead to the ability 
to improve the microstructures of these materials.  
During the last few decades, nanotechnology has been expanding rapidly into many fields 
of applied sciences, engineering and industry, especially in the fields of physics, 
chemistry, medicine and fundamental material science. These new developments may be 
attributed to the fact that material properties and performance can be significantly 
improved and controlled through nano-scale processes and structures (Sobolev et al., 
2009). Nanotechnology is now being introduced into various applications and industrial 
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sectors which lead to the need for further research and innovation. This includes 
biological molecular functionality, nano-wires, magnetic random access memory and 
carbon nano-tubes, etc. (Gopalakrishnan et al., 2011;Bergemannet al., 1999; Bartos, 
2008). Several agencies in the United States of America are supporting nanotechnology 
research endeavors with more than a billion dollar per year (Balaguru and Chong, 2008). 
The ability to control the material properties at the nano-level using nanotechnology may 
lead to the creation of new materials with unique characteristics and behavior. These 
developments are promising for breakthroughs in materials and construction industries. 
Using nanotechnology in the construction industry was considered to be relatively 
lagging compared to its use in some other fields due to the lack of foresight and good 
understanding of its capabilities. But recently, the construction industry has realized the 
potential impact of nanotechnology (Bartos, 2008), leading to many new areas of 
research in civil engineering. 
Concrete which is known to be the most used manmade material is based mainly on the 
cement industry with total yearly production worldwide exceeding 2600 million tons 
(USGS, 2010). Also, it should be mentioned here that the cement industry is considered 
to be one of the most energy consuming industries and one of the highest emissions 
sources of carbon dioxide (CO2), the most important greenhouse gas (GHG) suspected of 
causing climate change. The cement industry is responsible for around 5% of the global 
man-made CO2 emissions every year (WBCSD, 2002), in which approximately 50% of 
this emissions are caused by the chemical processes during manufacturing, while the rest 
is caused by fuel consumption. Extensive research efforts have been directed to reduce 
the effect of cement industry on GHG either by improving the manufacturing process 
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efficiency and technologies (Deja et al.,2010 and Barker et al.,2009) or adopting the use 
of supplementary cementitious materials (SCMs) that may partially or fully replace 
ordinary cement (Gartner, 2004). Different SCMs have been thoroughly investigated in 
the literature including fly ash, ground granulated blast furnace slag (GGBFS), natural 
pozzolans and silica fume. Recent studies (Damtoft et al., 2008) suggested that using new 
technologies to improve physical and chemical properties of SCMs may lead to industrial 
breakthroughs in concrete industry. Nanotechnology is one of the most promising 
research fields that may significantly change this industry due to its unlimited 
capabilities. 
Fly ash is considered to be one of the mostly used alternatives that may partially replace 
cement in concrete industry due to its efficiency in reducing cost and its great 
availability. Also, fly ash as a byproduct of coal consumption is much more 
environmentally friendly compared to cement (Haque et al., 1984). Therefore, U.S. Green 
Building Council’s (USGBC) considered using fly ash in concrete to earn points in the 
Leadership in Energy and Environmental Design (LEED) program. Besides its 
economical and environmental benefits, Class F fly ash can also perform better than 
ordinary portland cement in cases where aggregates have potential alkali silica reactivity 
(ASR). Several studies indicated that fly ash can significantly reduce the expansion in 
cement mortar due to ASR (Alasali and Malhotra, 1991). This makes several agencies 
mandate the use of fly ash in its specification for concrete mixtures in a minimum 
percentage to eliminate or mitigate the effect of ASR (Malvar et al., 2002). The main 
concern about fly ash concrete, particularly that containing Class F fly ash, has been its 
slow rate of strength development compared to normal concrete (Carette et al., 1993 and 
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Naik et al., 1998). Several studies were performed to identify different solutions for this 
problem (Naik and Ramme, 1989; Shi, 1998). Fly ash concrete is not suitable for some 
application where early strength is required. 
Silica (SiO2), which is the most abundant minerals on the Earth’s crust (Iler, 1979), has 
been used in concrete industry as a SCM in the form of silica fume (also known as micro-
silica). Silica fume is a byproduct of manufacturing of silicon or ferrosilicon alloys. Silica 
is also found in fly ash as well as natural pozzolans. However, it is also known that silica 
exists even in most of the aggregates but usually not in a reactive form. Accordingly, the 
effect of the silica on the cement hydration process depends on the form of the silica and 
its reactivity rather than its concentration. 
Unlike silica fume, nano-silica is a manufactured material composed of silica particles 
having particle size smaller than 100 nm. Experimental results indicated that the 
performance of concrete including nano-silica was generally better than that containing 
micro-silica in terms of mechanical properties and durability (Ghasemi et al., 2010). 
Furthermore, several studies showed that significant improvements of performance of 
cement mortars and concrete occur with the addition of nano-silica (Li et al., 2004). It 
was initially believed that such improvements in performance observed due to addition of 
nano-silica are attributed only to its filler effect and pozzolanic reaction caused by the 
nano-silica. However, recent research indicated that the effect of nano-silica is not limited 
to this mechanism. The small particle sizes of nano-silica provides larger surface area for 
the reaction so the smaller the particle sizes, the higher the rate of the early cementitious 
and pozzolanic reaction (Belkowitz and Armentrout, 2009). Other evidence supporting 
this idea is that some nonreactive nano-materials, which were mainly added for cosmetic 
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purposes, lead to improvement in the reaction rate of the cementitious materials. For 
instance, experimental results (Lee et al., 2009) showed that adding nano-titanium 
dioxide (TiO2) accelerates the hydration of tricalcium silicate (C3S) even though TiO2 
does not take part of neither the hydration nor pozzolanic reactions. 
Nano-silica is available in two main forms: 1) compacted dry grains and 2) colloidal 
suspension. The dry grained nano-silica requires special preparation procedure before 
mixing. The purpose of this procedure is to ensure dispersion of nano-particles in the 
mixture through water or liquid admixtures so it can uniformly improve the cement 
matrix. This preparation, which is generally a mechanical dispersion process, may be 
associated with human exposure to nano-particles, can be hazardous and has time 
limitation since agglomeration of particles can start immediately after the end of mixing. 
On the other hand, the colloidal nano-silica which is manufactured as a suspension 
electrochemically stabilized in a dispersive solution is a form of the nano-silica that is 
easier to use. Furthermore, adequate dispersion, provided electrochemically, prevents 
agglomeration of particles and maintains particle size at the nano-level, thus ensuring the 
full benefit of nano-silica. This is supported by experimental results, which indicate that 
better behavior was achieved when colloidal nano-silica was added to mortar specimens 
compared to the dry grained nano-silica (Campillo et al., 2003). Accordingly, 
electrochemical dispersion is a more stable form of dispersion for nano-particles 
compared to compacted dry grains where agglomeration can occur. Such better 
dispersion can lead to a more pronounced nano-particle effect. 
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1.2 Research Significance and Objectives 
In this study, different aspects of the effect of the nano-silica on concrete performance 
were examined. This includes investigating reactivity, mechanical behavior, durability, 
salt crystallization resistance and ASR mitigation of concrete incorporating colloidal 
nano-silica. Furthermore, the changes at the microstructure level caused by the addition 
of nano-silica were carefully investigated. The main aim of the study is to explore the 
effect of nano-silica on the major characteristics of concrete. The study presents an 
extensive experimental program aiming at furthering the understanding of the behavior 
and properties of concrete incorporating nano-sized particles. Additionally, the study 
explores the mechanisms of the change in concrete behavior in terms of microstructure 
and porosity. 
1.3 Scope and Contents 
The study includes a broad experimental program covering different performance 
characteristics of concrete incorporating colloidal nano-silica. These characteristics 
include testing fresh properties, reactivity, mechanical properties, durability, 
microstructure, porosity, sulfate salt crystallization resistance and ASR mitigation. This 
extensive testing will be presented in this dissertation through eight chapters. Besides this 
current first chapter, the other 7 chapter may be briefly described as follow: 
Chapter 2: This chapter describes in details the used materials in preparing the concrete 
mixtures and their proportions. These materials include aggregates, binders, admixtures, 
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as well as colloidal nano-silica. Also, in this chapter, the procedures for mixing, curing 
and preparation of tested specimen are presented. 
Chapter 3: In this chapter, the fresh properties of the tested concrete mixtures are 
discussed including slump, air content, setting time and adiabatic temperature testing. 
Moreover, the chapter includes test results for the mechanical properties of the 
investigated mixtures such as compressive strength at different ages, splitting tensile 
strength, and modulus of rupture. 
Chapter 4: This chapter includes the testing procedure and results for the durability study. 
The tested durability aspects were rapid chloride ion permeability, abrasion resistance 
and surface scaling due to freezing-thawing cycles. 
Chapter 5: In this chapter, the interpretation of the change in concrete performance 
incorporating colloidal nano-silica is presented in terms of microstructure. This includes 
studies about the porosity, pore size distribution and microstructure using scanning 
electron microscopy among other techniques. Also, the chapter involves thermal analysis 
of concrete to assess the levels of pozzolanic reaction. 
Chapter 6: This chapter explores the phenomenon of crystallization of salts in concrete 
pores. This phenomenon occurs in concrete adjacent to salt-laden soils under certain 
environmental condition. The chapter discusses the effect of colloidal nano-silica on 
concrete resistance to this type of attack. 
Chapter 7: This chapter presents an investigation of the effect of colloidal nano-silica on 
ASR. This effect is studied in terms of the expansion and impact on compressive 
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strength. In this part of the study, colloidal nano-silica is used either solely or combined 
with other SCMs typically used to mitigate ASR. 
Chapter 8: This chapter includes summary of the findings and conclusions of this study. 
In addition, recommendations and future research suggestions are presented. 
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Chapter 2: Materials and Procedures 
Extensive experimental program is performed to study the performance of concrete 
incorporating colloidal nano-silica. This chapter describes in detail the materials and 
mixtures tested within this program. The mixtures and materials described in this chapter 
were used for all the testing performed in this study except for Chapter 7 which 
investigates ASR mitigation techniques involving colloidal nano-silica. For Chapter 7, 
different types of aggregate, cementitious materials and different mixture proportions 
were used. 
Six concrete mixtures with different ratios of colloidal nano-silica and fly ash were 
investigated. All the mixtures had a constant water-to-cement ratio (w/c) and a constant 
total cementitious material content. Three of the mixture had 30% of cement replaced by 
Class F fly ash in which different dosages of nano-silica were used. For the part of the 
study that investigates ASR mitigation techniques involving nano-silica described in 
Chapter 7, eight different mixtures of cement mortars, made with reactive aggregate and 
six concrete mixtures were evaluated. 
2.1 Materials 
For all of the mixtures, the materials used including cement, fly ash, nano-silica, coarse 
and fine aggregates were as follows: 
Aggregates: Well-graded natural aggregate was used as course aggregate. The aggregate 
specific weight was 2.79, its absorption was 0.60% and its rodded unit weight was 102 
lb/ft
3
. As fine aggregate, rounded shaped natural sand was used. The fine aggregate 
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specific weight was 2.78, its absorption was 0.80% and its fineness modulus was 3.00. 
Figures 1 and 2 show the gradation curves of the coarse and fine aggregates used in this 
study (except for Chapter 7), respectively. The moisture contents of coarse and fine 
aggregates were measured each time before mixing and the mixing water was adjusted 
for these moisture contents. For ASR testing, a different type of natural aggregate, from 
one source of known reactivity, is used with different sizes as coarse and fine aggregates. 
For mortar bar testing (ASTM C1260), fine aggregate graded according to the 
specifications was used to make the mortar. Both fine and coarse aggregates (reactive) 
were used for testing the change in concrete strength due to ASR as will be described in 
Chapter 7. 
Cement: The used cement is type II/VI portland cement meeting ASTM C150 
specifications. The main chemical and physical properties of the used cement are 
presented in Table 1. 
Fly Ash: Class F fly ash was used for concrete and mortar mixtures. Properties of the 
used fly ash are shown in Table 1. 
Nano-Silica: Colloidal nano-silica was used for this study. The nano-silica was a 
commercial type supplied by a European manufacturer. The product is a milky white 
odorless aqueous suspended solution. The SiO2 content of the solution was 50% by 
weight. According to the data provided by the manufacturer, the density of the solution 
was 87.4 lb/ft
3
, its pH value was 9.5 and the average particle size was 35 nm. 
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Admixtures: Polycarboxylate based high range water reducing agent (HRWRA) with 
specific gravity 1.068 and solids content of 40%was used at different dosages to achieve 
constant level of workability for all mixtures. 
 
Figure 1 Gradation curve for the coarse aggregate. 
 
 
Figure 2 Gradation curve for the fine aggregate. 
 
2.2 Mixing and Curing 
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group of mixtures included only cement as a cementitious material (Group A), while the 
other group had 30% of the cement replaced by fly ash (Group B). The total cementitious 
material content and the water to cementitious material ratio were kept constant for all the 
mixtures as 658 lb/yd
3
 (390 kg/m
3
) and 0.40, respectively. 
Table 1 Properties of cement and fly ash 
 
Type II/VI 
Portland Cement 
Class F 
Fly Ash 
SiO2 (%) 20.64 58.25 
Al2O3 (%) 3.40 16.60 
Fe2O3 (%) 3.40 4.63 
CaO (%) 63.5 10.23 
MgO (%) 4.70 - 
SO3 (%) 2.40 0.84 
Na2O (%) 0.46 - 
Loss on Ignition (%) 1.20 1.52 
Specific Gravity 3.15 2.35 
Fineness (m2/kg) 376 290 
 
The ratios of nano-silica used were 0% (as control mixtures), 3% and 6% for each of the 
two groups of mixtures (A and B). The amount of added mixing water was adjusted for 
each mixture deducting the amount of water in the nano-silica solution. Also, 6% of 
micro-silica was used with the two groups. Different amounts of high range water 
reducing agent (HRWRA) were used for different ratios of nano-silica, in order to keep 
the same level of workability. The target slump for all mixtures was between 3 to 5 
inches. A higher amount of HRWRA (complying with ASTM C494) was needed when a 
higher amount of nano-silica was added as it has significant effect on workability. This is 
attributed to the very small particle size of colloidal nano-silica. Table 2 shows the 
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proportions for the six tested mixtures. Mechanical mixing was used to mix the 
constituent materials according to ASTM C192. These mixtures were used throughout the 
testing program except for the ASR mitigation study. For ASR testing, different mixture 
proportions were used and are shown later in this dissertation. All the molded specimens 
were covered to prevent water loss and were kept in room temperature till de-molding 
time. The curing of the specimens started after 24 hours of mixing, immediately after 
removal from molds. The specimens were kept in curing room at a temperature of 73.5 ± 
3.5 °F (23 ± 2°C) and relative humidity not less than 95% until testing. 
Table 2 Mixtures proportions of tested concrete. 
M
ix
tu
re
 
Cement 
lb/yd3 
(kg/m3) 
Fly Ash 
lb/yd3 
(kg/m3) 
Colloidal 
Nano-SiO2 
solution 
lb/yd3 
(kg/m3) 
Water* 
lb/yd3 
(kg/m3) 
HRWRA 
fl oz/100lb 
of binder 
(mL/100 kg) 
Coarse 
Aggregate 
lb/yd3 
(kg/m3) 
Fine 
Aggregate 
lb/yd3 
(kg/m3) 
A-0 
658 
(390) 
- - 
263.2 
(156) 
5 
(326) 
1996 
(1184) 
1330 
(789) 
A-1 
658 
(390) 
- 
39.48 
(23.4) 
243.46 
(144.3) 
7 
(457) 
1980 
(1175) 
1320 
(783) 
A-2 
658 
(390) 
- 
78.96 
(46.8) 
223.72 
(132.6) 
14 
(914) 
1959 
(1162) 
1305 
(774) 
B-0 
460.6 
(273) 
197.4 
(117) 
- 
263.2 
(156) 
4 
(261) 
1960 
(1163) 
1306 
(775) 
B-1 
460.6 
(273) 
197.4 
(117) 
39.48 
(23.4) 
243.46 
(144.3) 
5 
(326) 
1945 
(1154) 
1296 
(769) 
B-2 
460.6 
(273) 
197.4 
(117) 
78.96 
(46.8) 
223.72 
(132.6) 
10 
(653) 
1927 
(1143) 
1284 
(762) 
* The amount of water in the nano-silica solution was subtracted from the total water content. 
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Chapter 3: Fresh Properties, Reactivity and Mechanical 
Properties 
In this chapter, the testing procedure and results of fresh concrete testing are described 
including slump, air content and setting time tests. Also, in this chapter, the reactivity of 
concrete mixtures was monitored through adiabatic temperature testing. Moreover, this 
chapter introduces the results of the mechanical properties testing including the 
compressive strength at various curing ages, the splitting tensile strength and the modulus 
of rupture. 
3.1 Slump and Air Content 
To maintain a consistent level of workability for all mixtures, several trial batches were 
performed to adjust the dosages of HRWRA. The target slump for all mixtures was 
between 3 and 5 inches which led to different admixtures dosage as shown in Table 2. 
Immediately after mixing, slump test was performed on each of the six concrete mixtures 
investigated in this study according to ASTM C143. The slump values for the different 
mixtures are shown in Table 3. Also, the actual air content of each mixture was evaluated 
using the pressure method according to ASTM C231 immediately after mixing. The 
measured air contents did not vary significantly between different mixtures as all values 
ranged between1.5% and 2.1% as shown in Table 3. 
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Table 3 Summary of the fresh properties of the tested mixtures. 
Mixture 
Slump 
(in) 
Measured 
Air content 
(%) 
A-0 5.0 1.5% 
A-1 4.5 1.4% 
A-2 3.0 1.7% 
B-0 4.0 2.1% 
B-1 3.0 1.8% 
B-2 3.5 2.0% 
 
3.2 Setting Time 
In order study the impact of nano-silica on the setting time of concrete and mortars, Vicat 
needle testing was performed according to ASTM C191. Pastes were prepared by mixing 
650 grams of cementitious materials with 260 grams of water (w/c=0.40) and mixed as 
specified in the ASTM standard. Unlike concrete mixtures, no water reducing admixtures 
were used for any of the pastes as most types of admixtures may affect setting times. The 
cementitious materials used were selected to represent the same proportions of the 
concrete mixtures tested during this study (see Table 2). The paste was molded in the 
standard molds and kept in a moisture closet with temperature of 20 ± 2°C and relative 
humidity not less than 90%. The penetration of the standard Vicat needle (1 mm in 
diameter) was recorded every 15 minutes and the molds were kept in the moisture closet 
between readings. The initial setting time is defined as the time when the needle 
penetration is equal to 25 mm. This value was determined via interpolation between the 
two closest readings to 25 mm. On the other hand, final setting time was determined as 
the time when no penetration could be visually observed. Table 4 shows the tested pastes 
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along with the measured initial and final setting times. Also, Figures 3 and 4 show the 
measured penetration depths during the testing period for the pastes without fly ash 
(corresponding to Group A mixtures) and for the pastes incorporating 30% fly ash 
(corresponding to Group B mixtures), respectively. 
Table 4 Summary of Vicat needle testing results. 
Cementitious 
Materials Proportions 
Corresponding 
Concrete 
Mixture 
Initial Setting 
Time 
(min) 
Final Setting 
Time 
(min) 
Cement only A-0 190 245 
Cement +3%Nano-Silica A-1 192 246 
Cement +6%Nano-Silica A-2 145 222 
70%Cement+30%Fly Ash B-0 300 396 
70%Cement+30%Fly 
Ash+3% Nano-Silca 
B-1 258 307 
70%Cement+30%Fly 
Ash+6% Nano-Silca 
B-2 244 285 
 
Generally, the results of Vicat needle testing indicate that using nano-silica has an impact 
on shortening of both of the initial and final setting times. For mixtures without fly ash 
(Group A), adding 6% nano-silica reduced the initial setting time by around 25%, while 
the final setting time was reduced by around 10%. However, 3% of added nano-silica did 
not have a considerable effect on setting times in this case. The effect of nano-silica could 
be more readily observed in case of mixtures incorporating fly ash (Group B). Class F fly 
ash may generally extend the setting time of cement paste due to the slow hydration 
process. However, adding 6% of nano-silica to the fly ash concrete reduced the initial and 
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final setting time by around 25%, while this reduction was around 20% in case of adding 
3% of nano-silica. 
 
Figure 3 Vicat needle penetration depths for pastes without fly ash. 
 
 
Figure 4 Vicat needle penetration depths for pastes including 30% fly ash. 
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The impact of nano-silica on the fresh properties of concrete was generally significant 
especially on the workability level in terms of slump values and setting times. This effect 
was expected due to the very small particle size of nano-silica having significantly larger 
surface area compared to other concrete components. The large surface area increases the 
adsorbed water on the surface which impacts the fresh properties of concrete. However, 
these observations are inconclusive to project an impact of nano-silica on hardened 
concrete properties. Generally, any fine particles added to concrete, mortar or paste 
mixtures can impact the workability and sitting time in a similar way. The next sections 
and chapters of this study discuss the evidence of the effect of nano-silica on hardened 
concrete performance and cement reactivity. 
The previously presented results indicate that the fresh properties of concrete 
incorporating nano-silica may be a controlling factor for mixture design and 
proportioning for some application. This is attributed to the significant impact of nano-
silica on workability and setting time of concrete. 
3.3 Adiabatic Temperature 
In order to monitor the change in temperature in the different concrete mixtures during 
the early hydration period, the adiabatic temperature test was conducted. Immediately 
after mixing, a 4×8 inches concrete cylinder mold is prepared and a thermocouple is 
inserted at 4” below of the cylinder top surface (mid hight) in order to measure the 
temperature of the mixture according to ASTM C1064. The cylinder molds were covered 
and sealed to prevent moisture loss during the test and were kept in room temperature (73 
± 3°F). The adiabatic temperature of concrete was recorded every 2 minutes using a data 
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logger for 30 hours after mixing as shown in Figure 5. The temperature recorded over 30 
hours was plotted against time as shown in Figures 6 and 7. 
For all the mixtures, the temperature increased just after mixing within the acceleration 
and setting periods until the peak was reached. The increase then was followed by a 
decrease in temperature during the deceleration period until a relatively constant 
temperature was recorded. The results indicated that the peak temperature was generally 
higher for mixtures containing nano-silica. For example, comparing mixtures B-1 and B-
2 to mixture B-0 (Figure 7), the peak temperatures were about 20% higher and was 
reached at a shorter time (4 hours earlier). 
 
Figure 5 Adiabatic temperature test setup. 
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Figure 6 Adiabatic temperature test results for Group A mixtures. 
 
 
Figure 7 Adiabatic temperature test results for Group B mixtures. 
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This increase in the peak temperature, within 15 hours after mixing, indicates 
acceleration in the rate of hydration due the presence of nano-silica. This increase may 
not be ascribed to the pozzolanic effect of nano-silica as the pozzolanic reaction usually 
takes place at later time periods after adequate formation of portlandite (Mehta and 
Monteiro, 2006). Hence, the increase in the peak temperature may be attributed to the 
very high surface area of nano-silica particles (average particle size of 35 nm) which 
acted as nucleation sites for the hydration reactions. These results indicate that the role of 
nano-silica is not limited to pozzolanic or filler effects, but it also speeds up the kinetics 
of hydration due to its ultrafine nature. 
3.4 Mechanical Properties 
The compressive strength at different curing ages up to one year was evaluated for the six 
investigated mixtures. In addition, the splitting tensile strength and modulus of rupture 
were determined at 28 days. Cylinders of 4 inches diameter and 8 inches height, 
prepared, molded and compacted according to ASTM C192, were used for evaluation of 
the compressive and the splitting tensile strengths. The cylinders were unmolded after 24 
hours of mixing then cured in a curing room until the time of testing. The compressive 
strength was measured at ages of 3, 7, 28, 90 and 365 days, with the average of 3 
cylinders at least for each age. The splitting tensile test was performed only at the age of 
28 days. For evaluation of modulus of rupture, concrete beams 6”×6”×24” (150×150×600 
mm) were prepared for the six mixtures. At 28 days, the beams were tested in flexure up 
to failure. 
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For the compressive strength testing, steel capping (according to ASTM C1231) was used 
for the evaluation of the early strengths up to 7 days for all the mixtures. For compressive 
strength testing at 28 days and beyond, sulfur capping was prepared for the tested 
cylinders according to ASTM C617. The average compressive strength of the six 
mixtures at different curing ages is shown in Figure 8. Also, Table 5 shows the early age 
compressive strength for the six mixtures at 3 and 7 days as these values are not visually 
clear in Figure 8. The splitting tensile test was performed at 28 days on concrete cylinders 
according to ASTM C496. The average splitting tensile strength for each of the tested 
mixtures is presented in Figure 9. For compressive strength and tensile strength testing, at 
least three cylinders were tested for each mixture at the different testing ages. 
 
Figure 8 Compressive strength versus curing time. 
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Table 5 Early age compressive strength of concrete mixtures 
Mixture 
Compressive Strength (ksi) 
3-days 7-days 
A-0 5.25 7.14 
A-1 5.61 7.39 
A-2 4.85 8.44 
B-0 3.97 5.63 
B-1 4.02 5.78 
B-2 4.47 6.45 
 
For evaluating the modulus of rupture of the tested concrete mixtures, two beams were 
tested for each mixture according to ASTM C78. The beams were simply supported with 
two loads applied at one third of the span from each of the two supports. The total span of 
the tested beams was 18” with 3” overhanging from each side. The modulus of rupture 
was then calculated for each specimen at failure based on the exact dimensions of the 
cross section measured at the surface of failure. Figure 10 shows the average measured 
modulus of rupture for the tested mixtures. 
Results generally indicate that the compressive and tensile strength remarkably increased 
with the addition of nano-silica in both of the mixtures groups. In Table 5, it can be 
observed that the rate of early age strength gain was improved for mixtures containing 
nano-silica with or without fly ash. For Group A mixtures, the average (3 and 7 days) 
early age strength increased by about 18% with increasing the dosage of nano-silica up to 
6%. Comparably, for Group B mixtures incorporating Class F fly ash, the average 
increase in the early age strength was about 14% with increasing the dosage of nano-
silica up to 6%. This indicates that low early age strength of concrete incorporating Class 
F fly ash can be improved by the addition of colloidal nano-silica. 
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Figure 9 Splitting tensile strength at 28 days for the investigated mixtures. 
 
 
Figure 10 Average modulus of rupture for the tested mixtures. 
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ash (mixtures B-1 and B-2, respectively) led to compressive strength that matched or 
exceeded the strength of the control mixture (A-0) at or before 28 days, while the mixture 
containing fly ash without nano-silica (B-0) matched the compressive strength of the 
control mixture (A-0) at around 90 days. For long-term strength, the mixtures containing 
nano-silica continued gaining strength with a relatively high rate after 28 days. 
The compressive strength results were statistically supported by analysis of variance 
(ANOVA), at a significance level α = 0.05. For example, ANOVA for the compressive 
strength results at 7 and 28 days showed that the increase in the dosage of nano-silica 
from 0 to 6% had F values of 32.38 and 18.54, respectively which are larger than the 
corresponding critical F value of 3.89. According to Montgomery (Montgomery, 2001), 
exceeding the critical value of an F-distribution density function reflects that the tested 
variable significantly affects the mean of the results. 
The results of the modulus of rupture testing were in agreement with the other tested 
mechanical properties. The addition of nano-silica generally increased the modulus of 
rupture for the two tested groups (A and B mixtures). This increase was generally 
proportional to the percentage of the added nano-silica. In general, the improvement in 
mechanical properties for the mixtures incorporating nano-silica can be attributed to the 
pozzolanic and filler effects of nano-silica, as indicated by the thermal and micro-
structural analyses, which will be discussed later in Chapter 5. 
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Chapter 4: Durability 
The construction industry is taking notable steps towards a more sustainable use of 
concrete, extending service life of concrete structures as well as minimizing their 
maintenance costs. The key factor to achieve this goal is to extensively study durability 
of concrete. Design of mixtures to optimize the performance and economy of concrete to 
enhance its sustainability is becoming a major interest for agencies and companies. 
Nanotechnology could be one of the breakthroughs in this field due to its ability to 
control various characteristics of concrete without increasing its cost or carbon footprint. 
In this chapter, the effect of nano-silica on some of the main durability aspects of 
concrete will be investigated. This will include studying this effect on concrete resistance 
to abrasion, chloride ion permeability and surface scaling due to freeze-thaw action in 
presence of de-icing salts. 
4.1 Abrasion Resistance 
Concrete surfaces may deteriorate due to different forms of wear such as cavitation, 
erosion and abrasion. These types of wear may be caused by friction and scraping of 
objects or by wind or water currents. For some type of structures, abrasion resistance is 
an essential characteristic. These structures may include pavements, bridge decks and 
floors. Generally, concrete resistance to abrasion depends primarily on its mechanical 
properties. However, other factors may affect the resistance including water-to-cement 
ratio, type and proportion of aggregates and air entrainment (Laplante et al., 1991 and 
Naik et al., 1995). 
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Several techniques are used to test the resistance of concrete to abrasion including 
different methods of mechanical abrasion and sandblasting. In this study, abrasion 
resistance of the concrete mixtures was tested using sandblasting technique according to 
ASTM C418. Disk-shaped concrete specimens with diameter of 6” (150 mm) and 3” 
(75mm) high were used to carry out the abrasion test. 
For each mixture, two disks were prepared and cured for 28 days in standard curing tank. 
The specimens were taken out of the curing tank before testing and surface dried with a 
damp cloth to obtain saturated surface dry (SSD) condition. Standard sandblasting 
cabinet equipped with a nozzle that matches the dimensions, air pressure and flow rate 
specified by ASTM C418. The sand used for testing was natural sand which was selected 
and graded according to the same ASTM standard. For each specimen, four points were 
sandblasted for 60 second with the nozzle 3” (75mm) apart from the surface which makes 
the total tested spots to be eight for each mixture. To measure the abraded volume, oil 
based clay was used to fill the cavities caused by abrasion as recommended by ASTM 
standard. The mass of the clay supply was determined before and after filling the cavities 
and the the volume of the cavities could then be determined as the difference between the 
two masses divided by the density of the used clay. Figures 11 through 16 show examples 
of the tested specimens after abrasion and after filling the cavities with clay. 
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Figure 11 Abrasion specimen A-0 a) after abrasion, b) with clay-filled cavities. 
 
 
Figure 12 Abrasion specimen A-1 a) after abrasion, b) with clay-filled cavities. 
 
 
Figure 13 Abrasion specimen A-2 a) after abrasion, b) with clay-filled cavities. 
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Figure 14 Abrasion specimen B-0 a) after abrasion, b) with clay-filled cavities. 
 
 
Figure 15 Abrasion specimen B-1 a) after abrasion, b) with clay-filled cavities. 
 
 
Figure 16 Abrasion specimen B-2 a) after abrasion, b) with clay-filled cavities. 
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For each of the tested mixtures, the volume of the abrasion cavities was calculated using 
the loss of clay mass as previously described. The average volume of each cavity was 
determined by dividing the total abraded volume by number of tested spots as shown in 
Figure 17. Moreover, the abraded area was measured for each spot and the abrasion 
coefficients were calculated by dividing the average cavity volume by the mean abraded 
area of each spot. Table 6 shows the different parameters calculated for the abrasion test 
results. As indicated in these results, addition of nano-silica has a significant influence on 
the abrasion resistance of concrete in both of the tested Groups (A and B). The average 
cavity volume was reduced in approximately linear pattern with the increase of the 
addition dosage of nano-silica. As expected and previously confirmed in literature 
(Laplante et al., 1991 and Naik et al., 1995), the abrasion results conform to the 
mechanical properties results presented in chapter 3. Moreover, these results, along with 
the mechanical properties, support the conclusion that the addition of nano-silica to 
concrete significantly enhanced the microstructure of the cement matrix. 
4.2 Rapid Chloride Ion Permeability 
Chloride salts exist in marine environments as well as soils in some regions, beside that 
they are commonly used as a deicing agents. However, chlorides are considered to be one 
of the major contributing factors to reinforcing steel corrosion. Therefore, resistivity of 
concrete to chloride ion penetration is an important property which correlates to concrete 
structure durability. Accordingly, rapid chloride ion permeability test (RCPT) is 
frequently used as a quick assessment for concrete transport properties and consequently 
its durability. The test is often used because of its relatively simple procedures and short 
32 
 
duration compared to other durability testing. These characteristics make this test very 
suitable for quality control purposes and for cores assessment. 
 
Figure 17 Average abrasion cavity volume for the tested mixtures. 
 
Table 6 Summary of abrasion test results. 
Mixture 
Average Cavity 
Volume 
(in3) 
Average Abraded 
Area/cavity 
(in2) 
Abrasion 
Coefficient 
(in3/in2) 
A-0 0.075 1.843 0.041 
A-1 0.058 1.838 0.032 
A-2 0.048 1.457 0.033 
B-0 0.062 1.333 0.046 
B-1 0.058 1.361 0.043 
B-2 0.044 1.509 0.029 
 
RCPT was conducted for all the mixtures at 28 days according to the procedures 
specified on ASTM C1202. After curing, the concrete cylinders were cut into 2”discs 
then conditioned for testing. The conditioning process includes placing the discs in a 
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vacuum desiccators for 3 hours with pressure less than 1 mm Hg (133 Pa), followed by 
soaking in de-aerated water for 18 ± 2 hours. The specimens then were placed in the 
testing cell with one side filled with 3.0% sodium chloride (NaCl) solution and the other 
side filled with 0.3N sodium hydroxide (NaOH) solution. A direct current of voltage of 
60 ± 0.1 V is applied between the two sides of the testing cells with the positive terminal 
connected to the side filled with NaOH solution while the negative terminal is connected 
to the NaCl side.. The charge passing between the two sides was recorded for 6 hours. 
Figure 18 shows the test cells and equipments during recording the charge passing 
through the specimens. 
Although RCPT is widely used for concrete durability evaluation, ASTM C1202 states 
that the results of this test should be used for qualitative purposes rather than comparing 
the values of the passing charge. To improve the quantitative accuracy of the test, an 
additional testing procedure was performed at the end of the 6 hour testing period. This 
procedure involved measuring the physical penetration depth of chloride ions through the 
disc specimens. To measure this depth, the tested specimens were axially split after 
testing using an electrical saw. Then the inner face of each half specimen was sprayed 
with silver nitrate solution which forms a white precipitate of silver chloride after about 
15 minutes. The average depth of the white precipitation was calculated by measuring the 
depth in five different positions along the diameter of each specimen. This average depth 
was considered to be an indication of the physical ingress of the chloride ion according to 
the colorimetric method (Bassuoni et al., 2006). 
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Figure 18 The rapid chloride permeability test setup. 
 
According to ASTM C1202, the charges passed through the concrete disc specimen 
within 6 hours were recorded. Furthermore, the depth of penetration was measured along 
the diameter after testing and spraying the split specimens with silver nitrate. The passed 
charges and the average penetration depths are shown in Table 7, which also includes the 
qualitative chloride ion penetrability evaluations as specified by ASTM C1202.  
The values shown in Table 7 indicate significant improvement in terms of chloride ion 
penetration resistivity for specimens containing nano-silica. This enhancement could be 
measured by the reduction of the passing charge and the physical penetration depth. The 
reduction in the passing charge was more than 50% with the addition of nano-silica for 
both groups of mixtures (A and B). Also, the penetrability evaluation indicated change 
the category of the penetrability from low to very low with the addition of nano-silica for 
Group A specimens. Figures19 and 20 show examples of the physical penetration of the 
tested specimens with the penetration depth shown with the yellow line. In Figure 19, 
significant reduction of the penetration depth can be noticed between the specimen 
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without nano-silica (A-0) and the specimen incorporating nano-silica especially for 
mixture A-1. Moreover, similar observation can be detected in Figure 20 comparing 
specimen of Group B as significant reduction in penetration depth could be noticed with 
the addition of nano-silica. 
Table 7 Summary of RCPT results. 
Mixture 
Passed Charge 
(Coulombs) 
Penetrability 
Evaluation 
(ASTM C1202) 
Average 
Penetration Depth 
(in.) 
A-0 1837 Low 0.40 
A-1 939 Very Low 0.12 
A-2 294 Very Low 0.18 
B-0 958 Very Low 0.32 
B-1 491 Very Low 0.16 
B-2 357 Very Low 0.13 
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Figure 19 Physical chloride penetration for Group A specimens. 
 
The enhancement imparted through the use of nano-silica indicates that the effect of 
nano-silica is not limited to its filler action or pozzolanic effect but it may be extended to 
improving the transport properties of concrete. Moreover, these results suggest 
considerable improvement in the microstructure and porosity of the cement matrix, which 
are main factors affecting the transport properties and permeability of concrete. 
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Figure 20 Physical chloride penetration for Group B specimens. 
 
4.3 Surface Scaling 
The freeze-thaw cycling action is considered for decades as a major cause of concrete 
deterioration. As the water in the capillary pores freezes, it starts expanding and driving 
off the excess water creating hydraulic pressure on the pore walls. Also, the accumulation 
of the ice in pores builds up additional pressure on the cement paste (Detwiler et al., 
1989). In addition to the freeze-thaw action, concrete pavements, sidewalks and bridge 
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decks are subjected also to the effect of de-icing agents which are widely used in some 
regions. The combined effect of freeze-thaw action and the high concentrations of de-
icing chemical may accelerate the deterioration of the surface of concrete in contact with 
these chemicals (Şahinet al., 2010). 
The resistance of the six tested mixtures for freeze-thaw and de-icing salt was 
investigated according to ASTM C672. Concrete slabs 9”×9”×3” (225×225×75 mm) 
were prepared as two replicates for each mixture. The specimens were moist cured for 14 
days after mixing in the standard curing tank followed by 14 days of air curing in lab 
conditions (temperature of 20± 2°C and relative humidity of 50 ± 5 %). On the surface of 
each specimen a pond of salt solution was created to simulate the effect of the de-icing 
chemicals. To keep around ¼” (6 mm) of solution on top of the surface all the time, a 
dike of height ½” (12 mm) and width ¾” (18 mm) was shaped in the concrete mold. 
Figure 21shows the surface scaling slab specimens with the solution on top of them 
during testing. Although ASTM standard adopts using calcium chloride (CaCl2) solution, 
for this study,4% sodium chloride (NaCl) solution was used instead as it is proved to be 
more aggressive and it is a more commonly used de-icing salt (Sahin et al., 2010). The 
specimens were subjected to 24 hour freeze-thaw cycles as they were placed for 16-18 
hours inside the freezer at -18 ± 3°C followed by 6-8 hours in lab ambient conditions 
(20± 2°C and relative humidity of 50 ± 5 %). 
The surfaces of the specimens were flushed and the solution was replaced every 7-10 
days. The cycles continued until at least 60 cycles were completed as recommended by 
ASTM standard. Every two weeks, the surface was visually inspected and the debris was 
collected from the surface on a sieve #200 and then weighed. The scaling level is visually 
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rated according to ASTM C672. The rating system is based on a scale of 0 to 5 with 0 
means no scaling and 5 having the most severe scaling. 
 
Figure 21 Surface scaling specimens during testing. 
 
Table 8 presents the average cumulative debris mass and the visual rating of the surface 
of the tested specimens after 30 cycles of exposure and at the end of the experiment. 
Also, Figure 22 shows the average debris mass at the end of the exposure period. Figure 
23 shows the scaling on the surfaces of one set of specimens after 60 cycles of exposure. 
It might be noticed in the photos that white paste was used at some locations on the dikes 
of the specimen. This paste was a silicon-based sealant used on some specimens to 
prevent leakage of the solution through the dikes during the thawing period and to repair 
the deteriorated dikes. 
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Table 8 Avegrag debris mass and visual rating of speciemns. 
Mixture 
After 30 cycles of exposure After 60 cycles of exposure 
Cumulative 
Collected Debris 
Mass 
(g/specimen) 
Visual Rating 
(ASTM C672) 
Cumulative 
Collected Debris 
Mass 
(g/specimen) 
Visual Rating 
(ASTM C672) 
A-0 14.3 1 20.4 1 
A-1 6.2 1 15.4 2 
A-2 16.6 2 25.5 4 
B-0 31.3 3 46.8 4 
B-1 46.5 4 68.3 5 
B-2 23.0 3 34.7 4 
 
 
Figure 22 Average total debris mass after 60 cycles of exposure. 
 
At the end of the 60 cycles, most of the specimens experienced significant surface 
scaling. Generally, mixtures containing fly ash (Group B) suffered of significantly higher 
levels of scaling at different times of exposure. Furthermore, the mass of the debris in this 
group was considerably higher. This may be attributed to the increase in percentage of 
small pores as is discussed later in Chapter 5. The effect of nano-silica was not very 
significant on the scaling level in case of Group B specimens as the severe surface 
0
10
20
30
40
50
60
70
80
A-0 A-1 A-2 B-0 B-1 B-2
A
v
er
a
g
e 
cu
m
u
la
ti
v
e 
d
eb
ri
s 
m
a
ss
 
(g
ra
m
)
Mixtures
41 
 
damage may affect the accuracy of this method. The severe damage causes aggregate to 
represent most of the surface exposed to the salt solution (see specimen B-1 in Figure 
23). On the other hand, for Group A specimens, the addition of nano-silica resulted on 
higher levels of damage. Linking these results to the porosity results presented in chapter 
5, the addition of nano-silica increased the percentage of the micro-pores (less than 0.1 
µm in diameter). Generally, it may be observed that the level of scaling in the different 
mixtures had a good agreement with the results of the porosity testing presented in 
Chapter 5. For instance, the highest level of damage was observed in mixture B-1 which 
had the highest percentage of micro-pores (79.7% of total pores). This reduction in pore 
diameters might have led to higher ice crystallization pressure (Scherer, 1999) as this 
may prevent the pressure relief to the larger pores or air voids. 
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Figure 23 Scaling on the surface of the specimens after 60 cycles of exposure. 
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Chapter 5: Microstructure, Porosity and Thermal 
Analysis 
5.1 Mercury Intrusion Porosimetry 
Mercury Intrusion Porosimetry (MIP) was used to assess the pore size distribution and 
the total porosity of the mixtures. Small chunks obtained from the concrete cylinders after 
28 days were used as test samples for MIP (Kumar and Bhattacharjee, 2003). These 
chunks were around 3 to 10 mm in size and were carefully extracted to avoid the 
inclusion of large aggregates. The samples were oven dried for 72 hours at temperature of 
60 ± 2°C, then they were kept in a desiccator containing silica gel until the time of 
testing. This method of drying (lower temperature for longer period) was adopted to 
avoid the formation of micro-cracks, which may occur at high temperatures. The contact 
angle and the mercury surface tension were taken as 130° and 485 dynes/cm, respectively 
(Shi and Winslow, 1985). 
The trends of MIP for Group A and Group B mixtures are shown in Figures 24 and 25, 
respectively. Also, the apparent total porosities, threshold pore diameters and percentage 
volume of micro pores (less than 0.1 µm) for the six mixtures are shown in Table 9. The 
threshold diameters for the six mixtures are also shown in the same table. These 
diameters represent the pore size where the pressure was enough to let the mercury 
intrude most of the inaccessible larger pores inside the bulk specimen. 
In compliance to the mechanical and durability properties, it can be noted that the total 
porosity was significantly decreased with the addition of nano-silica (Table 9). In 
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addition, the threshold pore diameters of mixtures containing nano-silica were 
significantly less than those of the control mixtures without nano-silica (A-0 and B-0). 
Further pore structure refinement was achieved with increasing the dosage of nano-silica 
(Figures 24 and 25 and Table 9). For example, mixtures B-1 (3% nano-silica) and B-2 
(6% nano-silica) yielded threshold pore diameters of 36% and 48%, respectively less than 
that of mixture B-0 (0% nano-silica), which was 0.144 µm. Correspondingly, the 
percentage volume of micro pores for those mixtures were 8.5% and 5.4%, respectively, 
larger than that of the reference mixture B-0, which was 73.41%. Again, this trend is 
ascribed to the pozzolanic and filler effects of nano-silica; however, the contribution of 
each effect to the refinement of pore structure could not be readily differentiated by the 
MIP results. 
Table 9 Summary of MIP results. 
Mixture 
Apparent total 
porosity 
(%) 
Threshold pore 
Diameter 
(µm) 
Percentage of small 
pores (<0.1µm) 
(%) 
A-0 10.13 0.10 69.3% 
A-1 6.91 0.075 75.4% 
A-2 6.44 0.060 72.2% 
B-0 12.56 0.144 73.4% 
B-1 9.30 0.092 79.7% 
B-2 8.21 0.075 77.3% 
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Figure 24 Pore size distribution for mixtures without fly ash (Group A). 
 
 
Figure 25 Pore size distribution for mixtures with fly ash (Group B). 
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5.2 Thermogravimetry 
The effect of nano-silica on the hydration and pozzolanic reactions was assessed by 
determining the quantity of portlandite (calcium hydroxide) in the matrix after 28 days. 
Thermogravimetry (TG) at a heating rate of 10°C/min was used for this purpose. After 28 
days, chunks were obtained from crushed concrete cylinders. For the TG tests, the chunks 
were ground to powder, passing a #200 sieve (75 µm). The content of portlandite was 
calculated by determining the drop in the percentage mass of TG curves at a temperature 
range of 420-450ºC (chemically bound water in portlandite) and multiplying it by 4.11 
(ratio of the molecular mass of portlandite to that of water). 
The thermogravimetry (TG) results are shown in Figure 26. Compared to the control 
mixtures without nano-silica, the addition of nano-silica in Mixtures A-1, A-2, B-1 and 
B-2 led to considerable consumption of portlandite (CH) in the cementitious matrix. This 
can be attributed to the effect of the pozzolanic reaction, which partially led to the pore 
structure refinement observed in the MIP results (Table 9). However, increasing the 
nano-silica dosage from 3% to 6% did not seem to have a pronounced effect on the 
depletion of CH (Figure 26). For example, Mixtures B-1 (3% nano-silica) and B-2 (6% 
nano-silica) had comparable CH contents of 2.69% and 2.66%, respectively. These 
mixtures had threshold diameters of 0.092 and 0.075 µm, respectively (Table 9). This 
may suggest that the general improvement in the mechanical and durability properties 
and also in pore structure refinement associated with the increase in the nano-silica 
addition from 3% to 6% may be mainly attributed to the physical filler effect of 
incorporating a larger volume of ultrafine particles in the cementitious matrix. This 
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statement must be substantiated by further testing in future research by combining nano-
silica with other types of inert nano particles.  
 
Figure 26 Thermogravimetry (TG) results for portlandite (CH) peaks at about 450˚C. 
 
5.3 Scanning Electron Microscopy 
Backscattered scanning electron microscopy (BSEM) was used on polished thin section 
to compliment the findings of the MIP and TG. Polished thin sections were prepared by 
cutting 1”× 2” (25×50 mm) specimens from the concrete cylinders after 28 days. 
Subsequently, they were impregnated by low-viscosity epoxy resin under pressure and 
polished using diamond surface-grinding equipment. 
In general, BSEM observations conformed to the strength, durability, MIP and TG 
results. For Group A mixtures (without fly ash), significant densification was observed in 
the matrix at the interfacial transition zone (ITZ) for specimens containing nano-silica. 
For instance, Figures 27a-b show the ITZ (as indicated by the arrows) for specimens A-0 
(0% nano-silica) and A-2 (6% nano-silica). It can be observed that the ITZ for specimen 
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A-0 (Figure 27a) is full of voids and micro-cracks due to the wall effect between 
aggregates and the cementitious matrix. On the contrary, the ITZ in the section prepared 
from mixture A-2 (Figure 27b) appears to be densified/refined owing to the chemical 
(pozzolanic reaction) and physical (filler action) effects induced by nano-silica particles. 
This conforms to the strength, durability, MIP and TG results. For Group B specimens 
containing 30% Class F fly ash, a more porous structure was observed in the control 
specimen (B-0) at 28 days. For example, Figures 28a-b show the BSEM images for 
specimen B-0 and B-2, respectively. For specimen B-0, without nano-silica, the 
micrograph (Figure 28a) shows a coarse microstructure for the cementitious matrix 
incorporating 30% fly ash. Considering that Class F fly was used, the microstructure 
reflects insufficient degree of hydration of the matrix at this age, which links to the lower 
strength results shown in Figure 8 and Table 5. Also, this observation conforms to the 
MIP pore size distribution curve of this mixture (Figure 25), which had higher total 
porosity, threshold pore diameter and volume percentage of pores larger than 0.1 µm 
(Table 9). Conversely, for specimen B-2, which incorporated 6% nano-silica with 30% 
fly ash, the BSEM micrographs (Figure 28b) showed higher degree of hydration as 
depicted by the refined/denser microstructure and ITZ. Hence, it appears that the addition 
of a small dosage of well-dispersed colloidal nano-silica efficiently catalyzed the kinetics 
of Class F fly ash reaction in the cementitious matrix. This suggests that the delay in 
strength gain, microstructure development and improvement in durability of concretes 
comprising Class F fly ash can be mitigated by the addition of small dosages of nano-
silica. 
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Figure 27 BSEM Images for: a) Specimen A-0 b) Specimen A-2. 
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Figure 28 BSEM Images for: a) Specimen B-0 b) Specimen B-2.
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Chapter 6: Physical Salt Attack 
6.1 Introduction and Background 
Salt crystallization was widely studied in natural rocks as one of the main mechanisms of 
rock breakdown. This type of damage (also known as salt weathering) was considered as 
a potential risk for many ancient monuments in various location including Mediterranean 
coast and Middle East, even that Herodotus had referred to this phenomenon in the Nile 
Valley more than 3400 years ago (Goudie and Viles, 1997). This mechanical 
disintegration caused by crystal growth of salts in pores was observed not only on Earth 
but on Mars rocks as well (Malin, 1974). Geologists have investigated damage of natural 
rock due to salt crystallization; however the mechanism of the distress is not totally 
explained (Goudie and Viles, 1997; Sperling and Cooke, 1985). Furthermore, the 
deterioration caused by salt crystallization in building materials including stones and 
bricks has been investigated (Flatt, 2002; Rodriguez-Navarro et al., 2000). 
In areas with high concentration of soil salts, it was believed, by most engineers, that 
chemical attack was the major cause of reported concrete damage. In soils containing 
sulfate salts, this damage was mostly identified as sulfate attack which involves chemical 
interaction between sulfate ions in the soil and the hydrated cement generating products 
like ettringite and gypsum which may lead to concrete deterioration (Mehta and Monteiro 
2006). The mechanism of the sulfate attack in concrete was not fully understood and it 
has been always a controversial issue among researchers (Cohen and Mather 1991). Also, 
this chemical effect of sulfates on concrete structures may be overlooked by various 
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studies because proper analytical tools were not used to identify this damage. To verify 
the damage caused by chemical attack of sulfate salts, advanced analysis should be 
performed including optical microscopy, scanning electron microscopy (SEM), and X-
ray diffraction analysis (XRD) (Haynes et al. 2008). 
Only during the last few decades, the damage caused by salt crystallization on concrete 
structure had caught researchers’ interest (Reading, 1982; Haynes et al., 1996; Mehta, 
2000; Hime et al., 2001). The physical salt attack (PSA) is not limited to the sulfate salts 
but it may also occur in concrete exposed to carbonates and chlorides salts with lower 
aggressive way (Haynes et al., 2010; Haynes and Bassuoni, 2011). Before the recent 
studies, engineers had usually misidentified the damage caused by crystallization of salts 
as chemical attack. However, the damage due to salt weathering is associated with 
surface scaling which appears like that caused by freeze-thaw damage (Haynes et al., 
1996). 
Salt crystallization in porous concrete can occur under certain environmental condition in 
presence of high salt concentrations in soil. The main source of these salts is the ancient 
marine soils containing chloride and sulfate salts from sea water. These salts are usually 
accumulated in certain regions according to the topography, groundwater flow, surface 
runoff and proximity to oceans. The porous concrete in contact with these soils may 
absorb the salt solution which consequently elevates by means of capillarity to the 
evaporation surfaces of the structure. Repeated cycles of low followed by higher relative 
humidity increase the concentration of the salts in the pores at and close to the 
evaporation surface. Crystallization of the salts due to the supersaturated solution may be 
observed on the concrete surfaces. This surface crystallization, usually known as 
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efflorescence, has very limited effect on concrete. However, the salt crystallization taking 
place below the surface (subflorescence) may cause significant scaling in the concrete 
surface. This subflorescence is formed when the rate of evaporation from the concrete 
surface exceeds the rate of flow of the solution through capillarity. 
The mechanisms of distress caused by PSA were discussed in several studies either in 
natural rock or concrete (Goudie and Viles, 1997; Scherer, 1999; Thaulow and Sahu, 
2004; Chatterji, 2005). Some of these mechanisms are based on the solid volume change 
during transformation between phases of hydrous and anhydrous minerals. One example 
of this mechanisms is the transformation of anhydrous form of sodium sulfate 
(thenardite) (Na2SO4) to the hydrous form (mirabilite) (Na2SO4·10H2O) which is 
associated with increase in solid volume of around 315%. Other studies suggest that the 
distress may be caused by moisture absorption of anhydrous salts undergoing solid-state 
hydration. This hydration generates pressure inside concrete pores causing microstructure 
disintegration and distress. Another mechanism for concrete damage by PSA was 
presented by Haynes (2006) which involves the increase in volume of solutions in pores 
due to crystallization of mirabilite. According to Correns equation (Correns, 1949), the 
crystallization pressure of salts in the pores of the cement matrix (p) may be quantified 
as: 
   	
 

 
where, (R) is the gas constant, (Vs) is the molar volume of the solid salt, (C) is the solute 
concentration, (Cs) is the saturations concentration at temperature (T). Generally, this 
equation shows that the crystallization pressure inside the pores increases as the 
54 
 
concentration of the salt rises in the pore solution causing progressive damage during 
exposure. 
As a natural phenomenon, the damage caused by salt crystallization is a long-term action 
that may take decades or even centuries as in case of natural rocks. In case of concrete, 
the time of exposure causing PSA damage, reported in few available cases, varied 
depending on the quality of concrete and the location (Haynes, 2002). Lacking a standard 
testing procedure, several exposure regimes were suggested to simulate the ambient 
conditions accelerating PSA in laboratory. In several studies, it was found that the highest 
levels of damage in lab specimens were observed when the specimens where partially 
immersed in the salt solutions while exposing significant portion of the specimen as an 
evaporation surface (Reading, 1982; Haynes et al., 2008; Bassuoni and Nehdi, 2009; 
Hartell et al., 2011) 
A recent study investigating the physical effect of sodium sulfate salt (Haynes et al., 
2008) employed five different environmental exposures for more than 18 months. In this 
study, it was found that the most severe damage was observed when the ambient 
conditions cycled between temperature of 20°C with 82% relative humidity and 40°C 
with 31% relative humidity. This exposure regime coincides with the cycling between the 
thenardite and mirabilite phases of sodium sulfate as shown in Figure 29. Another study 
on the physical effect of sodium carbonate (Haynes et al., 2010) found similar results for 
the most accelerated ambient cycles. The previously described cycles provided alteration 
between different phases of sodium carbonate salt as shown in Figure 30. These phases 
include natron (Na2CO3·10H2O), hepatahydrate (Na2CO3·7H2O), and thermonatrite 
(Na2CO3·H2O). 
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Figure 29 Phase diagram for sodium sulfate (Flatt 2002). 
 
 
Figure 30 Phase diagram of sodium carbonate (Goudie and Viles 1997). 
 
In this study, the effect of using nano-silica on PSA resistance will be investigated. Six 
different concrete mixtures with different combinations of cement fly ash and nano-silica 
will be tested using the most aggressive and accelerated procedure. Based on previous 
studies, sodium sulfate solution will be used to study the damage caused by salt 
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crystallization of in concrete pores as it represents the most severe form of PSA (Haynes 
et al., 2008; Haynes et al.,2010; Haynes and Bassuoni, 2011). 
6.2 Experimental Program 
6.2.1  Specimens and procedures 
The test program involved partially immersing 12 concrete cylinders in sodium sulfate 
solution (two replicates of each of the six tested concrete mixtures). The tested cylinders 
with aspect ratio of 3 had diameter of 2.0 in. (50 mm) and height of 6.0 in. (150 mm). 
These non-standard and relatively small specimens’ dimensions were selected mainly 
obtain a high surface-to-volume ratio to accelerate the kinetics of damage due to PSA. 
Moreover, since the damage caused by PSA starts at the surface of concrete as previously 
described, the size of the specimen may considerably affect the rate of damage, as 
reported for several durability tests (Cohen and Mather, 1991; Haynes, 2009). In addition, 
the aspect ratio was set to be 3.0 to be within the recommended range by ASTM C215 for 
best results of dynamic modulus of elasticity (DME). 
Following a standard moist curing period of 28 days, the cylinders were air dried for 48 
hours before measuring the initial weights and DME. The laboratory simulation of the 
ambient conditions accelerating PSA includes partial immersion of the concrete cylinders 
(one third of the total height) in salt solution while temperature and relative humidity are 
changed in repetitive cycles. To achieve the partial immersion and to prevent excessive 
evaporation of the solution, a separate plastic container was used for each specimen with 
an air-tight lid. The led had an opening with a diameter approximately equal to the 
diameter of the specimen to prevent excessive evaporation through the solution surface. 
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The setting of the specimens and the containers including the solution during testing are 
shown in Figure 31. The containers and the specimens were then placed inside a 
programmable environmental chamber in which temperature and relative humidity can be 
controlled. 
The solution used in this study was 10% sodium sulfate prepared using USP grade 
reagent. This concentration may be significantly higher than the concentrations naturally 
occurring in soil or ground water. However, this relatively high concentration was 
selected to accelerate the damage caused by PSA. Noteworthy, the actual concentration 
increased during the testing period due to absorption and evaporation through the 
specimens. In order to limit the variation in this concentration, the solution was 
continuously topped off in all containers every 4 to 8 cycles of exposure and it was totally 
replaced by fresh solution every 12 to 16 cycles. 
 
Figure 31 Specimens partially immersed at the early cycles of testing. 
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The range of change in temperature and humidity in the generated cycles was selected to 
simulate the natural change in ambient occurring in some regions in the US and 
worldwide (e.g. southern Nevada, California, Arizona, North Africa and Australia). 
Based on the published literature, this temperature and humidity range also covers 
alternation between the two different phases of sodium sulfate as presented in Figure 29. 
The full cycle was designed to alternate between two ambient conditions in which the 
first simulate a moderate humid season while the other represents the hot dry one. The 
ambient cycled between 20 ± 1°C with 80 ± 2 % relative humidity(moderate/humid) and 
45 ± 1°C with 15± 2 % relative humidity(hot/dry). The exposure was divided into two 
successive phases. Phase I which was implemented during the first 50 cycles involved 
running two cycles every week. This was achieved by programming each cycle to be 84 
hours of total duration as 42 hours for each of the two ambient conditions. In order to 
accelerate the surface distress, the cycles were subsequently sped up in phase II so 4 
cycles were ran every week. This accelerated cycles involved 21 hours for each ambient 
period generating a 42 hours total cycle. 
6.2.2  Testing and measurements 
During the exposures, the physico-mechanical properties of the specimens were 
monitored at regular time intervals. To achieve this, every 4 to 8 cycles, the specimens 
were taken out of the environmental chamber after the hot/dry exposure period, then the 
salt efflorescence and debris were removed using a nylon brush. The specimens were left 
to dry in lab ambient conditions for 30 minutes to achieve saturated surface dry (SSD) 
state. The mass of each specimen was then measured to the nearest 0.1 g and the 
specimens were visually inspected and photographed. In order to monitor the soundness 
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of the specimens, the longitudinal DME was measured for each specimen using impact 
resonance apparatus according to ASTM C215. For each specimen, at least 3 
measurements of the resonance frequency (to calculate DME) were taken in each 
direction (3 values with impact on the dry end and 3 with impact on immersed end). 
Monitoring the change of DME during the exposure period can give an idea about the 
continuity and the soundness of the specimens. Furthermore, this data can give 
indications about inner micro-cracking occurring in the specimens and indirectly the 
change in strength. 
The DME was evaluated continuously based on measuring the average fundamental 
resonance frequency of each specimen. Change in the DME usually indicates the change 
of specimen’s stiffness or change in its continuity (e.g. presence of inner cracking). The 
equation used to calculate the longitudinal DME is a function of the specimen mass and 
dimensions besides the fundamental frequency as follows: 
  
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where, 
DME = longitudinal dynamic modulus of elasticity (N/m
2
) 
L = specimen length (m) 
d = specimen diameter (m) 
M = specimen mass (kg) 
n = fundamental longitudinal frequency (Hz) 
To neutralize the effect of the change in mass on DME, relative dynamic modulus of 
elasticity (RDME) was calculated as the ratio between the squared fundamental 
longitudinal frequency and the squared initial fundamental longitudinal frequency. Using 
this procedure allows the values of RDME to represent only the change in soundness of 
60 
 
the specimens ignoring the effect of change of mass on the DME. Moreover, at the end of 
exposure, the specimens were tested to evaluate their splitting tensile strength (according 
to ASTM C496) and compared to the strength of cylinders with the same dimension kept 
in the standard curing tank and tested at the same time. 
6.2.3  Water absorption 
Since PSA is related to the absorption and capillarity of concrete (Bassuoni and Nehdi, 
2009), the rate of absorption was evaluated for the six tested mixtures to explore the 
relationship between PSA and the capillary rise in concrete. The test was conducted 
according to ASTM C 1585 with modifications to the sample conditioning process to 
match the environmental cycles used during PSA testing. The test specimens were 
concrete discs of diameter 4” and height of 2”. The discs were cut from standard 4”×8” 
cylinders cured in standard curing tank for 28 days. For each of the six tested mixtures, 
two disc specimens were cut from two different cylinders and prepared to be tested. 
A modified conditioning process involved keeping the discs in an environmental chamber 
at temperature of 45 ± 1°C and relative humidity equals to 15± 2 % which is similar to 
the hot/dry period of the PSA exposure cycle. The mass of the specimens were measured 
daily till the change in mass was less than 0.10% between two successive measurements 
(about 2 weeks). The testing procedures were then carried out according to ASTM 
standard. The specimens’ sides were sealed using aluminum tape to prevent moisture loss 
during absorption of water through the bottom surface. Also, the top surfaces of the 
specimens were sealed with loosely attached plastic sheets as recommended by the 
ASTM standard. The initial mass of the specimens was then determined (including the 
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sides and top seals) to the nearest 0.01g and they were placed in a pan filled with tap 
water. The water level was kept at 1 to 3 mm above the bottom exposed surface during 
the eight days test duration. Figure 32 shows some of the specimens during the test 
procedure. During the test, the increase in mass of the specimens was monitored at 
specific times up to 8 days according to ASTM C1585. The absorption, I (mm), was 
calculated as the mass change in each specimen divided by the product of the cross 
section and the density of water. As specified by ASTM C1585, the absorption values 
were then plotted against the square root of the time in seconds. 
 
Figure 32 Speciemns during absorption testing. 
 
6.2.4  X-ray diffraction and SEM imaging 
To analyze the reaction products and salt crystallization within the cementitious matrix, 
powder samples were taken from the surface of the PSA specimen at locations having the 
most severe damage (1” to 2” above the solution surface). Other samples were taken from 
the bottom of the specimens permanently submerged in the solution. These samples were 
ground to fine powder size (passing sieve no. 200) and they were used for XRD testing. 
Rietveld quantitative analysis was performed on the obtained XRD results to 
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quantitatively evaluate the percentages of the minerals detected in each sample. In this 
method, relative weight fractions for each crystalline phase in the tested sample can be 
calculated using scale factors of the respective calculated intensities of each crystal 
phase. With proper correction, performed using highly advanced computer software, the 
Rietveld method can give considerably accurate quantitative results (Liu and Kuo, 1996). 
At the end of exposure and after the specimen were tested (splitting tensile test), concrete 
chunks were taken to be investigated using SEM. These chunks were selected to 
represent the cross section of the specimen starting from the outer surface to the center of 
the specimen. Two fractured samples were taken from each specimen, one representing 
the immersed portion of the specimen, while the other was selected from the portion 
above the solution. The surfaces of the samples were then carbon coated and examined 
using secondary electron imaging (SEI) technique. In addition, energy-dispersive X-ray 
spectroscopy (EDX) was also used during investigating the sample to recognize the 
chemical characterization of the identified crystals. 
6.3 Results and Discussion 
6.3.1  Visual inspection and mass loss 
Specimens partially immersed in sodium solution were monitored for over 100 cycles 
(approximately 10 months) of exposure. Excessive efflorescence of salts was 
progressively deposited on the evaporation surfaces of the specimen especially during the 
hot/dry period of the exposure cycles. Figure 33, displaying the efflorescence on the 
surface of specimens at the end of the hot/dry ambient period, shows that the 
efflorescence accumulated to cover the whole specimen at the end of the period between 
 readings and efflorescence removal
solution evaporation was observed even with tight lids that act as vapor barrier. This was 
observed through the rapid reduction of the solution level in the conta
periods between specimen’s inspection and solution top off as shown in 
Figure 33
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noticeable on the surface of some specimens after 8 to 16 cycles. In some specimens, the 
coarse aggregates became visible on the surface above the solution after around 20 cycles 
of exposure (for instance, see Figures 34, 37, and 39) 
The average mass loss recorded over the exposure period for specimens from Groups A 
and B are shown in Figures 40 and 41, respectively. The figures indicate faster rate of 
mass loss in some mixtures (especially for Group B specimens) during the first 25 to 30 
cycles, followed by lower rates after that. For instance, specimens B-0 experienced 
considerable mass loss during the first few cycles of exposure which may be attributed to 
the insufficient degree of hydration of the matrix at the beginning of exposure (28 days 
after mixing). 
Generally, the mass loss values complied with the visual inspection the surface damage 
as the highest mass loss (approximately 11 to 12.35 g) were noticed in Group B 
specimens and mixture A-0 (12 g) having the most severe observed damage. For Group 
A specimens, Figure 40 indicates notable reduction in mass loss associated with 
increasing the dosage of nano-silica from 0 to 6%. On the other hand, for Group B 
mixtures (Figure 41), the effect of nano-silica addition was less significant in terms of 
mass loss reduction as the variation in mass loss values between the three mixtures was 
considerably low. 
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Figure 34 Damage in A-0 specimen at different ages of exposure. 
 
 
Figure 35 Damage in A-1 specimen at different ages of exposure. 
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Figure 36 Damage in A-2 specimen at different ages of exposure. 
 
 
Figure 37 Damage in B-0 specimen at different ages of exposure. 
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Figure 38 Damage in B-1 specimen at different ages of exposure. 
 
 
Figure 39 Damage in B-2 specimen at different ages of exposure. 
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Figure 40 Average mass loss in Group A specimens partially immersed in sodium sulfate. 
 
 
Figure 41 Average mass loss in Group B specimens partially immersed in sodium sulfate. 
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In linking the damage caused by PSA to the pore structure of the cement matrix discussed 
in Chapter 5, the total cumulative mass loss at the end of exposure was compared to the 
different parameters determined by MIP testing (Table 9). This comparison indicates that 
the degree of damage caused by PSA expressed in terms of mass loss can be generally 
related to the total porosity of the specimens. For Group A mixtures, this trend is very 
clear as mixtures A-1 and A-2 having the lowest apparent total porosity (see Table 9) 
experienced the least visual damage and mass loss due to PSA. Moreover, for Group B 
specimens B-0, experiencing the highest cumulative mass loss (12.35 g), had the largest 
total porosity (12.56%). This could be attributed partially to slow microstructural 
development and hydration of this mixture during the initial few weeks of exposure, 
besides its pore microstructure and relatively low strength (compressive and tensile) 
compared to the remaining mixtures (Table 5 and Figures 8 and 9). Furthermore, BSEM 
micrograph (Figure 28a) illustrates the coarse microstructure and insufficient hydration of 
this mixture incorporating 30% Class F fly ash. However, mixtures B-1 and B-2 
experienced considerably high mass loss due to PSA despite of their relatively low total 
porosity (9.3% and 8.21%, respectively). This may be explained by the excessive pore 
size refinement as these mixtures had the largest percentage of micro-pores (less than 0.1 
µm in diameter). This large proportion of micro-pores was vulnerable to considerable 
damage by crystallization pressure. 
The relationships between the cumulative mass loss at the end of exposure and different 
pore structure parameters (Table 9) were plotted for the six mixtures tested. Figures 42 
and 43 show the total mass loss versus the apparent total porosity and threshold pore 
diameter, respectively. Micro-porosity was calculated as the product of the total porosity 
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and the proportion of micro-pores (less than 0.1 µm in diameter) and plotted against the 
total mass loss (Figure 44). An exponential relationship may be recognized as a general 
trend for the three previously described relationships with different correlation factors. 
Figure 44 may emphasize the combined effect of total porosity and pore size on the 
damage caused by PSA. For instance, mixtures A-1 and A-2 experienced the lowest mass 
loss for all the tested mixtures although they had relatively high percentage of micro-
pores (75% and72%). However, taking into account their micro-porosity percentages 
(4.98% and 4.65%), they are considered as the lowest which conforms with the mass loss 
results. Moreover, mixture B-0 having the highest micro-porosity percentage (9.22%) 
experienced the highest level of damage in terms of mass loss. 
 
Figure 42 Relationship between total porosity and mass loss caused by PSA. 
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Figure 43 Relationship between threshold diameter and mass loss caused by PSA. 
 
 
Figure 44 Relationship between micro-porosity and mass loss caused by PSA. 
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6.3.2  Absorption test results 
The absorption values (I) were calculated, as previously described, and plotted against the 
square root of time in seconds for Groups A and B as shown in Figures 45 and 46, 
respectively. The initial and secondary rates of water absorption (mm/sec
1/2
) were then 
evaluated as defined by the ASTM standard. The initial rate is determined as the slope of 
the best fitting line for the previously described plot during the first 6 hours of testing, 
while the secondary rate is the slope of the line that best fit the data points between 1-8 
days. Table 10 presents the calculated rates of absorption for each of the tested mixtures, 
considering that all the correlation coefficients for the best fitting lines were more than 
0.98 as specified by ASTM C1585. 
Table 10 Absorption rates for the tested mixtures. 
Mixture 
Initial absorption rate 
(mm/sec1/2) 
Secondary absorption rate 
(mm/sec1/2) 
A-0 0.0069 0.0013 
A-1 0.0066 0.0008 
A-2 0.0047 0.0006 
B-0 0.0072 0.0006 
B-1 0.0067 0.0009 
B-2 0.0071 0.0007 
 
Generally, the absorption test results indicate that the addition of nano-silica resulted in a 
reduction of the rates of absorption as well as the total absorption, especially for Group A 
mixtures. This may be attributed to the refinement of the pore structure and the reduction 
of the total porosity associated with nano-silica addition as described in Chapter 5 (see 
Figure 24 and Table 9). Although this reduction in pore diameter should lead to higher 
capillary action and consequently more absorption, these results indicate that the pore 
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refinement was associated with reduction in capillary pores continuity and concrete 
penetrability. This observation may also be confirmed by the results of RCPT testing 
presented in Chapter 4 (Table 7) which indicates significant reduction of permeability for 
concrete incorporating nano-silica.  
Figure 47 shows the relationship of the total absorption against the cumulative mass loses 
at the end of PSA exposure for the six tested mixtures. Generally, linear trends can be 
observed for both of the tested groups. For instance, for Groups A and B mixtures, the 
mass loss values at the end of exposure correlated to the total absorption with coefficient 
of correlation exceeding 0.99 and 0.94, respectively. These correlations indicate that the 
increase of absorbed solution during PSA exposure led to larger amounts of salt 
subflorescence which caused more damage at the specimens’ surface above the solution 
for each of the studied groups of mixtures. Moreover, the relationship between the total 
mass loss caused by PSA and the initial and secondary absorption rates were also 
examined as shown in Figures 48 and 49, respectively. Realizing that the secondary 
absorption rate represents the relatively long term absorption behavior, it should be 
expected that this values should be related to the PSA damage. For Group A mixtures, the 
secondary absorption rates strongly correlate to the total mass loss (coefficient of 
correlation of 0.99). The initial absorption rates follow the same nearly linear trend, but at 
a lower correlation coefficient (0.86). Nevertheless, this correlation did not apply for 
Group B specimens as no obvious linear trend could be observed for those mixtures. 
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Figure 45 Absorption-time relationships for Group A specimens. 
 
 
Figure 46 Absorption-time relationships for Group B specimens. 
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The previously presented results reveals that results of the water absorption test may be 
used to assess the concrete resistance to PSA. Results indicated notable correlation 
between the different absorption parameters and the surface damage caused by PSA 
measured in terms of mass loss. However, the significance of these correlations may be 
extensively binder dependent. Furthermore, comparing absorptions results of mixtures 
incorporating different types of binders should be performed with caution. For specimens 
including portland cement as a single binder (Group A), the damage caused by PSA was 
linearly related to the absorption parameters especially the total absorption and the 
secondary absorption rate. On the other hand, these relations were less significant for 
specimens including binary binder as cement and fly ash (Group B). This may attributed 
to the relatively coarse microstructure of these mixtures as well as the different transport 
properties of these mixtures which significantly affect the water absorption results for 
them. These observations may suggest that the absorption test can be a preliminary 
indication of concrete resistance to PSA. Compared to the duration and procedures of the 
PSA exposure testing, absorption testing can be a rapid, simple and reliable alternative 
that can be performed with limited technical skills and resources. However, the exact 
correlation between the two testing approaches as well as MIP testing should be further 
investigated and verified with additional statistical data and for different binders and 
exposures. 
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Figure 47 Total absorption related to the total mass loss due to PSA. 
 
 
Figure 48 Initial absorption rate versus the total mass loss due to PSA. 
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Figure 49 Secondary absorption rate versus the total mass loss due to PSA. 
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loss (see Figures 40 and 41) may provide an interpretation of the trend and rate of 
damage caused by PSA. Combining the observations of the rates of damage in terms of 
mass loss and reduction of RDME, almost similar trends may be seen during the early 
period of the exposure. These results confirm that the faster rate of damage occurred 
during the first few cycles most likely due to the significantly higher rates of initial 
absorption for all the mixtures (see Table 10). Subsequently, the saturation level of the 
specimens reached steady conditions in which secondary rates of absorption were 
controlling the damage speed. Despite the severe scaling observed at the surface of some 
specimens, the change in RDME was not very significant in any of the tested specimens. 
 Generally, for all the specimens, the final values of RDME at the end of exposure were 
almost constant (around 60%) regardless the trend they followed during the exposure. 
These results indicate that the damage observed in the specimens as well as the mass loss 
had occurred mainly on the specimen’s surface without extensive cracking or distress in 
the core of the specimen. 
The splitting tensile strength was evaluated for the tested specimens at the end of 
exposure (112 cycles) as well as the strength of similar specimens which were kept in the 
standard curing tank during the exposure period. The relative tensile strength was 
calculated for each mixture as the mean strength of the specimen subjected to PSA attack 
divided by the mean strength of the specimens in the curing tank. Table 11 presents the 
calculated values of the relative tensile strength for the six mixtures after exposure. For 
all the mixtures, the strength of the specimens subjected to PSA exposure was lower than 
it for normally cured concrete. However, the values of the relative tensile strength had 
limited variation between the tested mixtures (ranged between 69% and 85%) which 
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contradicts with the observed damage and mass loss. Moreover, it is noteworthy that the 
excessive surface damage occurred on most of the specimen may led to stress 
concentration during the splitting tensile testing due to uneven surface. This may explain 
the irregularities between the relative tensile strength and the mass loss results. 
 
Figure 50 Average RDME for Group A specimens partially immersed in sodium sulfate. 
 
 
Figure 51 Average RDME for Group B specimens partially immersed in sodium sulfate. 
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Table 11 Initial DME and tensile strengths. 
Mixture 
Initial DME 
(GPa) 
Splitting tensile 
strength at the end 
of exposure -
standard curing 
conditions 
(psi) 
Relative splitting 
tensile strength of 
specimens exposed to 
PSA 
(%) 
A-0 8.85 1432 85.1% 
A-1 10.51 1422 84.0% 
A-2 13.21 1394 74.0% 
B-0 6.60 1673 79.1% 
B-1 8.41 1737 85.5% 
B-2 10.38 1684 68.9% 
 
6.3.4  XRD and SEM 
XRD analysis was conducted on powder samples taken from the location having the most 
severe damage which was above the solution level and from the continuously immersed 
portions of the specimens. All the XRD diffractograms for the tested samples along with 
the Rietveld analysis are presented in the appendix. The summary of the Rietveld 
quantitative analysis of the XRD results are shown in Table 12. The predominant 
minerals recognized in the samples include minerals likely to exist as part of the 
aggregates (i.e. dolomite, calcite and quartz) or other minerals normally present in 
cement matrix as portlandite. Moreover, for all the samples, thenardite (anhydrous form 
of sodium sulfate) existed in different amounts. No traces of mirabilite (hydrous form of 
sodium sulfate) were identified in any of the samples. This was mainly because XRD 
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powder samples were taken from the portion of the specimens above the solution after the 
hot/dry period. Additionally, for the immersed samples, the time interval between 
extraction and preparation of the powder samples to the time of testing was sufficient to 
transform the salt to the anhydrous form in the lab ambient conditions (see Figure 29). 
Table 12 Rietveld quantitative XRD analysis results for the tested specimens. 
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A-0 
Above 
Solution 
7.26% 71.17% 12.56% 2.40% 3.28% 1.88% 1.42% 
Immersed 
in Solution 
3.96% 72.30% 14.13% 2.91% 1.77% 1.54% 1.87% 
A-1 
Above 
Solution 
9.02% 70.00% 14.59% 2.33% 2.08% 1.14% 0.85% 
Immersed 
in Solution 
3.44% 73.12% 10.98% 3.64% 1.55% 3.34% 1.71% 
A-2 
Above 
Solution 
16.03% 71.58% 5.20% 3.79% 0.82% 0.44% 0.24% 
Immersed 
in Solution 
6.71% 66.87% 19.11% 3.08% 1.12% 1.12% 0.68% 
B-0 
Above 
Solution 
8.85% 74.74% 8.31% 5.00% 0.91% 0.67% 1.51% 
Immersed 
in Solution 
3.37% 69.27% 17.75% 3.96% 2.02% 1.78% 1.83% 
B-1 
Above 
Solution 
15.39% 70.80% 8.44% 2.99% 1.00% 0.42% 0.95% 
Immersed 
in Solution 
3.94% 80.61% 10.29% 3.32% 0.38% 0.83% 0.63% 
B-2 
Above 
Solution 
23.38% 65.32% 7.45% 2.61% 0.52% 0.23% 0.48% 
Immersed 
in Solution 
2.02% 77.09% 13.94% 5.18% 0.23% 0.90% 0.64% 
 
XRD results indicated the presence of traces of other minerals including gypsum and 
ettringite which are usually generated as products of chemical sulfate attack to cement 
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matrix. However, the percentages of these minerals ranged between 0.23% and 3.34% by 
mass for all the samples either for those taken from the dry or the immersed portions of 
the specimen. These amounts were insufficient to be considered as a major cause of the 
observed distress. In addition, no trend could be detected that linked these amounts to the 
level of damage observed in the tested specimens. For instance, the maximum percentage 
of gypsum (3.34%) was detected in the immersed portion of specimen A-1 which 
experienced relatively low levels of mass loss (see Figure 40). Conversely, specimens B-
2 containing the lowest percentage of gypsum above the solution level (0.23%) 
experienced significant damage as indicated by visual inspection and mass loss (see 
Figures 38 and 41). 
As a general observation, significantly large amounts of thenardite existed in the samples 
taken from the dry portion of the specimens compared to the quantities identified in the 
immersed portions. For instance, sample taken from the dry potion of specimen B-2 
included more than 10 times the percentage existed in the immersed sample of the same 
specimen. This observation emphasizes the effect of the repeated cycles of dry and wet 
ambient conditions as salt accumulates inside the pores close to the evaporation surface 
during the hot/dry period of the exposure cycle. In turn, this crystals accumulation caused 
a pressure build up inside the pores as cycles progressed. On the other hand, the 
concentrations of the salt in samples from the immersed portions were significantly lower 
than the dry portion for all the specimens. Generally, the quantities of salt in pores of the 
immersed portion are primarily governed by the solution concentration which was 
replaced periodically. This also may be confirmed by the approximately similar amounts 
of salt in the immersed portion of all the six mixtures. 
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Comparing the percentages of thenardite detected in the dry portions of the tested 
samples to the porosity parameters (Table 9), it is remarkable that larger amounts of 
thenardite could be found in specimens with finer pore structure (i.e. larger percentage of 
small pores). For instance, mixture B-1 and B-2 having the finest pore structure of the six 
mixtures included the highest percentages of thenardite in the dry portion of the 
specimen. This may highlight the effect of capillary action which increases with the pore 
refinement providing faster supply of solution through the immersed portion of the 
specimen. This conforms also to the excessive mass loss in specimens with the extra fine 
pore structure (B-1 and B-2), However, specimens A-1 and A-2 had relatively low levels 
of damage despite of the high salt concentrations which is attributed to their low total 
porosity as described earlier. 
Fractured samples taken from the tested specimens from different locations at the end of 
exposure were tested using SEM-SEI, while the chemical composition of the crystals was 
detected using EDX technique. Samples taken from the both immersed and dry portions 
of specimens were carefully examined starting from the outer surface towards the center 
of the specimen. Crystals of thenardite, gypsum, and ettringite could be detected in most 
of the samples, especially in the regions closer to the surface of the specimen (around 15 
mm from the surface). Figures 52 through 56 show typical micrographs and EDX spectra 
for samples taken from different locations of the tested specimens at the end of exposure. 
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Figure 52 SEM micrograph and EDX spectrum for sample taken from above the solution in 
specimen A-2: a) 500X magnification micrograph, and b) EDX spectrum for thenardite. 
 
 
Figure 53 SEM micrographs and EDX spectra for a sample taken from the immersed portion of 
specimen A-2: a) 1000X magnification mirograph, b) 2000X magnification mirograph, c) EDX 
specturm for ettringite, and d) EDX specturm for thenardite. 
 
a) 
b) 
a) 
b) 
c) 
d) 
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For all of specimen, larger and denser crystals of thenardite could be detected in the 
samples taken from the dry portion of the specimens (above solution) which conforms 
with the findings of the XRD analysis (Table 12). These crystals could be seen usually 
accumulated with various sizes and shapes around air voids and fissures. For instance, 
Figure 52 shows different sizes of thenardite crystals in a sample taken from the dry 
portion of specimen A-2. Moreover, Figure 54 displays large amounts of thenardite 
crystals accumulated around an air void which may act as a pressure relief space for 
crystals generated inside small pores. This observation conforms to the significant 
damage observed in specimens of B-2 in terms of scaling and mass loss and gives an idea 
about the deleterious effect of this crystallization inside large percentage of micro-pores 
detected in B-2 (see Table 9). On the other hand, less thenardite crystals could be 
observed in samples taken from the immersed portions, besides that these crystals were 
accumulated as seen in dry portions. For example, less dense thenardite crystals can be 
seen in Figures 53 and 56 showing samples taken from immersed portions of specimen 
A-2 and B-2, respectively. This also confirms the lower quantities of thenardite identified 
using XRD analysis (Table 12) for samples taken from immersed portions. 
Ettringite needle-shaped crystals were identified in samples taken from the immersed 
portions of the specimens particularly around large pores and air voids as shown in 
Figures 53 and 55. Also, ettringite was observed incidentally in samples taken from thy 
drying portions of specimens (see Figure 54). However, concentrations and sizes of these 
crystals does not appear to be a potential cause of damage since these crystals did not fill 
the air voids as may usually be observed in case of chemical sulfate attack on cement 
matrix (Brown and Hooton, 2002). For instance, Figure 53 showing a large air void in a 
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sample taken from the immersed potion of specimen A-2 indicates the formation of 
ettringite crystals on the wall of the void although these crystals are relatively small and 
scattered. Furthermore, similar observation may be seen in Figure 55 which shows a 
sample taken from the immersed potion of specimens A-0. Gypsum crystals were also 
detected in some of the immersed samples less frequently (see Figure 56). 
 
 
Figure 54 SEM micrographs and EDX spectrumfor a sample taken from above the solution in 
specimen B-2: a) 500X magnification micrograph, b) 1000X magnification micrograph, c) EDX 
spectrum for ettringite, and d) EDX spectrum for thenardite. 
 
Evidences obtained from SEM along with XRD analysis confirms that crystallization of 
sodium sulfate is the main cause of deterioration observed in the tested specimens. This 
evidence also proves that chemical attack of sodium sulfate had a minor/insignificant role 
a) 
b) 
c) 
d) 
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in the damage observed in the tested specimens. This also conforms to the visual 
inspection of the specimens (Figures 34 through 39) which indicate no or inconsiderable 
damage at the immersed portions of the specimens although these parts are more 
vulnerable to the chemical attack. 
 
 
Figure 55 SEM micrograph and EDX spectrum for a sample taken from the immersed portion of 
specimen A-0: a) 1000X magnification mirograph, and b) EDX specturm for ettringite 
 
a) 
b) 
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Figure 56 SEM micrograph and EDX spectra for a sample taken from the immersed portion of 
specimen B-2: a) 2000X magnification micrograph, b)EDX spectum for gypsum. 
a) 
b) 
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Chapter 7: Alkali-Silica Reaction 
7.1 Introduction and Background 
Unlike natural rocks, concrete is an alkaline material due to the presence of different 
hydroxides created during the hydration reaction of cement. This very alkaline medium 
promotes reactions between components of certain types of aggregates and cement 
hydration products. Generally, three main types of alkali-aggregate reactions (ARR) are 
believed to cause concrete cracking and deterioration. These reactions are known as (i) 
alkali-silicate, (ii) alkali-carbonate and (iii) alkali-silica reactions (Hobbs, 1988). 
AAR, first observed in the United States during the 1920s, became a major focus of 
attention in terms of public awareness and research efforts since the 1970s, in various 
parts of the world. In the United States, Federal Highway Administration (FHWA) 
reported that different severity levels and types of this reaction were evident in 35 states 
(FHWA-RD-03-047, 2003). For the State of Nevada, cracking caused by AAR was 
identified in the Hoover dam, the world’s largest concrete structure, located on the 
Colorado River (Hobbs, 1988). In addition, experimental studies showed that types of 
Nevada opal were found to be reactive (Wang and Gillott, 1993). 
Alkali-silica reaction (ASR), which is considered to be the most common form of AAR, 
involves reactions between alkaline solutions in concrete pores and some forms of silica 
present in certain types of aggregates such as those found in volcanic glasses, tridymite, 
cristobalite, and opal (Hobbs 1988). This reaction is associated with the formation of 
expansive alkali-silica gel. In the presence of sufficient moisture, this gel expands within 
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pores and microcracks in concrete. This expansion develops swelling pressure which 
causes deterioration and even failure in severe cases. The extent of reaction and the rate 
of deterioration in concrete structures are affected mainly by three major factors; (i) 
concrete constituents (aggregates and cementitious materials), (ii) amount of moisture 
available, and (iii) temperature. Typically, cracks on concrete affected by ASR can be 
visualized after 5-15 years of construction but the reaction may progress continuously or 
intermittently for several decades (Blight and Alexander, 2011). It was found that the 
alkali-reactive aggregates are widespread in the United States, Eastern Canada, Australia 
and several countries in Europe and South Africa (Mehta and Monteiro, 2006). 
Concerning long term performance, ASR can influence the strength, stiffness and 
durability of concrete structures. Mainly concrete pavements, bridges and parking 
garages are significantly affected by ASR as they are exposed to high moisture along 
with high temperatures in different seasons. Experimental studies performed on concrete 
members made with ASR reactive aggregates showed significant declination of 
mechanical behavior after various time periods and types of exposure (Swamy and Al-
Asali, 1989, Fan and Hanson, 1998). Usually, the cracks generated by ASR can be 
identified by its random orientation with no preferred direction of strongest crack 
development (AASHTO SHRP C-315, 1991). Furthermore, in some cases, white staining 
caused by the leaching of silica gel out of these crack can be an evidence of the presence 
of ASR. This silica gel can also appear as whitish powder covering the crack surfaces 
during the prolonged dry seasons. A crack pattern associated with the development of 
ASR in highway pavement is commonly known as map-cracking or pattern-cracking 
which tends to be parallel to the direction of traffic. 
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Silica (SiO2), which is the main component of the Earth’s crust (Iler, 1979), exists in 
almost all types of aggregates. In addition, it exists at different ratios in cement and 
supplementary cementitious materials (SCMs) such as silica fume and fly ash. However, 
the presence of silica is not the key factor which activate the ASR but the form in which 
the silica exists in the aggregate. Typically, non-crystalline (amorphous) forms of silica 
present in some aggregates are the main reactive form of silica. Pessimum, which 
represents the maximum expansion caused by ASR, can occur with certain combinations 
of reactive silica in aggregate and specific types and content of cementitious materials. 
This combination should be studied carefully for each type of aggregate and/or 
supplementary cementitious materials in order to avoid ASR during concrete mixture 
design and proportioning. 
Silica fume (micro-silica) has been widely investigated in terms of ASR mitigation. 
Generally, silica fume significantly reduces the expansions caused by ASR. Additionally, 
the alkalinity and of the pore solution is reduced in mortars incorporating silica fumes 
(Aquino et al., 2001; Rasheeduzzafar and Hussain, 1991; Canham et al., 1987: Thomas et 
al., 1999). However, other studies indicated that using silica fume in the granulated form 
may generate more expansive gel increasing the mortar-bar expansion (Pettersson, 1992). 
For over 50 years, Class F fly ash has been effectively used for controlling the damage 
caused by ASR (Thomas et al., 2012). Fly ash, as a byproduct of coal consumption, is 
more environmentally friendly compared to cement (Haque et al., 1984). For the ASR 
mitigation efficiency, economic benefits and its environmental impact, several agencies 
included in its specification for concrete mixtures a minimum amount of fly ash to avoid 
or mitigate the effect of ASR (Malvar et al., 2002;ACI Committee 221, 1998). On the 
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other hand, reports had shown that the increase in demand of fly ash along with the 
limitation of its supplies, due to restriction on new coal power plants, may lead to 
shortage in suitable fly ash for concrete industry. Therefore, other waste or natural 
materials has been extensively investigated to be used as pozzolans in concrete and 
mortar. Metakaolin, calcined clay and different types of natural pozzolans have been 
investigated to mitigate ASR in concrete with various levels of reactivity and different 
types of reactive aggregates (Sabiret al., 2001; Ramlochanet al., 2000; Turanliet al., 
2003). 
7.2 Experimental Program 
An experimental program was designed to investigate the effect of nano-silica, either 
solely or combined with different SCMs, on ASR. This effect will be investigated in 
terms of expansion, mechanical properties and microstructure of mortars and concrete 
made with a known ASR reactive aggregate. To achieve these goals, two types of 
specimens were used. The accelerated mortar-bar method was used to measure the 
expansion caused by ASR for different mixtures. Additionally, concrete cylinders were 
prepared to study the ASR effect on mechanical properties and microstructure. 
For both mortar and concrete specimens, the cement used was type II/VI portland cement 
meeting ASTM C150 specifications. The main composition and properties of the cement 
are presented in Table 13. Also, the chemical and physical properties of Class F fly ash 
and metakaolin are listed in the same table. The same type of nano-silica described in 
chapter 2 was used for this study. Polycarboxylate based high range water reducing agent 
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(HRWRA) with specific gravity 1.068 and solids content of 40%was used at different 
dosages to achieve constant level of workability for some of the mixtures. 
Table 13 Properties of cementitious materials and aggregate. 
 
Type  
II/VIPortland 
Cement 
Class FFly 
Ash 
Metakaolin 
Aggregate 
Rock 
SiO2 (%) 20.6 58.3 51.7 63.0 
Al2O3 (%) 3.4 16.6 43.2 11.4 
Fe2O3 (%) 3.4 4.6 0.4 3.5 
CaO (%) 63.5 10.2 - 6.9 
MgO (%) 4.7 - - 2.0 
SO3 (%) 2.4 0.8 - - 
Na2O (%) 0.5 - - 2.4 
K2O (%) - - - 3.4 
LOI (%) - - - 6.5 
Loss on 
Ignition 
1.20 1.52 - - 
Specific 
Gravity 
3.15 2.35 2.20 - 
Fineness 
(m2/kg) 
376 290 - - 
 
Fine and coarse aggregates used in all the mixtures (concretes and mortars) were taken 
from the same quarry and had the same chemical and geological classification. This 
aggregates source was known to be reactive as expansion of the mortar bars exceeds the 
acceptable limits. The fine aggregates, used for the mortar and concrete mixtures, had 
specific gravity of 2.72, absorption of 3.75% and fineness modulus of 3.0. The coarse 
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aggregate specific gravity, absorption, and dry rodded unit weight were 2.70, 2.20% and 
103 lb/ft
3
 (1650 kg/m
3
), respectively. The rock type, in which the aggregates were taken 
from, can be classified as dacite according to its geological nomenclature. Dacite rocks, 
possibly containing opal, tridymite, cristobalite, volcanic glass and beekite minerals, are 
known to be one of the ASR potentially reactive rocks (Tuthill, 1982 and Thomas et al., 
2007). The chemical composition of the rocks from the used quarry is also shown in 
Table 13. 
To study the expansion caused by ASR, the accelerated mortar bars test was used 
according to ASTM C1260 and ASTM C1567. Reactive fine aggregate was prepared and 
graded as specified by the previously mentioned ASTM standards. For the different 
cementitious materials combinations, mortar was prepared according to the standard with 
proportion of 1 part of cementitious materials to 2.25 part of graded aggregate by mass 
(dry materials) and with water-to-cement ratio of 0.47. Mortar bars of dimensions 
1”×1”×11” were molded and compacted according to the ASTM standards. The molds 
were then kept in moisture cabinet with relative humidity not less than 90% for 24 hours. 
After unmolding, the bars were soaked in tap water and placed in an oven of temperature 
80°C for 24 hours for conditioning. The zero reading of the bars length was then 
measured using length comparing device with accuracy of 0.0001 inch as shown in 
Figure 57. Immediately after the measurement, specimens were stored in 1 N sodium 
hydroxide (NaOH) solution in a convection oven of temperature 80°C ± 2°C. The 
expansion in the bars was measured and recoded every 3-4 days for the first 14 days after 
starting the exposure, and every 7-10 days after that. According to ASTM standards, the 
main reference expansion value was measured after 14 days of exposure. Furthermore, 
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for further understanding of ASR behavior at longer periods, the expansion was then 
monitored continuously for up to the age of 80 days. 
 
Figure 57 Length comparator and mortar bar specimen. 
 
In order to study the effect of nano-silica on ASR, different combinations of cementitious 
materials and nano-silica were used as binders for different mortar mixtures. Beside the 
control mixture (100% cement), seven different combinations of cementitious materials 
and nano-silica were used to prepare the mortar bars as previously described. It was 
confirmed through various studies as well as the practice that Class F fly ash and 
metakaolin are very efficient for ASR mitigation. Hence, this experimental study aims to 
compare the effect of these pozzolans to the effect of nano-silica on ASR. Additionally, 
combining these well-known mitigation pozzolans with nano-silica will be investigated. 
Table 14 presents the cementitious material combinations used for the eight tested mortar 
mixtures. For all the mixtures, the same aggregates were used with the proportions and 
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gradations specified by the ASTM standards as described earlier. At least 3 mortar bars 
were prepared and tested for each of the eight mixtures. Due to the significant impact of 
using metakaolin on the workability of the mortar, HRWRA was needed to insure proper 
mixing for mixtures CM and CMN(which are two mixtures containing metakaolin) with 
the rate of 10.7 fl oz for every 100 lb of cementitious materials. This provided a 
consistent level of workability for all of the eight mixtures and consequently a similar 
level of compaction in the molds. 
Table 14 Cementitious materials combinations for mortar mixtures. 
Mixture 
Type II/IV 
Cement 
Class F Fly 
Ash 
Metakaolin Nano-Silica 
C0 100% 0% 0% 0% 
CN1 97% 0% 0% 3% 
CN2 94% 0% 0% 6% 
CF 70% 30% 0% 0% 
CFN1 83% 14% 0% 3% 
CFN2 68% 29% 0% 3% 
CM 90% 0% 10% 0% 
CMN 92% 0% 5% 3% 
 
The second phase of this study was to investigate the effect of ASR on the mechanical 
properties of concrete made with different combination of cementitious materials. To 
achieve these goals, an accelerated exposure was used to study the compressive strength 
of concrete cylinders made with reactive aggregates. Based on the results from phase I of 
this study (mortar bars expansion), six concrete mixtures were selected to be tested in the 
second phase. Beside the control mixture having cement only as a binder, cement was 
combined with either fly ash or metakaolin in 2 of the concrete mixtures. Moreover, 
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nano-silica was combined with cement and each of the fly ash and metakaolin in the 
other 3 mixtures. For all mixtures, the w/c ratio was kept constant at 0.38 and the total 
cementitious materials content was 660 lb per cubic yard of concrete. Different dosages 
of HRWRA were used to achieve consistent level of workability (slump values between 
3” and 6”). As expected, higher dosages were needed with mixtures containing nano-
silica and/or metakaolin. Table 15 shows the proportions of the concrete mixtures used in 
the study. 
Table 15 Proportions of concrete mixtures per cubic yard. 
M
ix
tu
re
 Cement 
(lb/yd3) 
Fly Ash 
(lb/yd3) 
Metakaolin 
(lb/yd3) 
Colloidal 
Nano-SiO2 
(lb/yd3) 
Water* 
(lb/yd3) 
HRWRA 
(fl oz / 
100 lb of 
Binder) 
Coarse 
Aggregate 
(lb/yd3) 
Fine 
Aggregate 
(lb/yd3) 
CR-0 660 - - - 250 12 1788 1375 
CR-N 620.4 - - 79.2 210.4 36 1762 1358 
CR-F 462 198 - - 250 10 1755 1350 
CR-FN 547 93 - 39.6 230.2 18 1765 1358 
CR-M 594 - 66 - 250 40 1798 1385 
CR-MN 607 - 33 39.6 230.2 32 1785 1375 
* The content of mixing water was adjusted by the amount of water in the nano-silica solution. 
Concrete cylinders were prepared from each mixture according to ASTM C39. The 
cylinders were 3” in diameter and 6” height. After 24 hours of mixing, specimens from 
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each mixture were unmolded and they were divided into 2 groups each containing 6 
cylinders at least. The first group was kept in a standard curing tank, immersed in tap 
water at a temperature of 23°C ± 2°C till the time of testing. The second group of 
cylinders was immersed in 1N NaOH solution inside sealed plastic containers which were 
kept in an oven of temperature 80°C ± 2°C. Figure 58 shows the containers and the 
concrete cylinders inside the oven. After 28 and 180 days of mixing, 3 cylinders of each 
of the two groups were tested to evaluate the compressive strength. Sulfur capping was 
used for all the tested cylinders according to ASTM C617. 
7.3 Results and Analysis 
7.3.1  Accelerated mortar-bars 
For the first phase of this study, the expansion in mortars bars immersed in NaOH 
solution at 80°C was monitored and the expansion ratios were calculated for 
approximately 80 days. The main expansion ratio readings taken at 14 days of exposure 
were compared to the limits recommended in the ASTM C1260 and C1567 standard 
appendix. These standards consider the aggregate and/or the cementitious materials 
combination to be indicative of innocuous ASR behavior if the expansion percentage is 
less than 0.10%. For expansions more than 0.20%, the standards recommends 
considering this case to be potentially deleterious, while for expansions between those 
two limits need further testing to define the causes of expansion. Table 16 presents the 
expansions at different ages of exposures including the reference 14 days expansion ratio. 
The values shown in the table represents the average expansion ratios of at least 3 bars 
for each mixture. 
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Figure 58 Containers and concrete cylinders inside the oven. 
 
The expansion values presented in Table 16 indicates that the aggregates used in this 
study can be considered as potentially reactive. This can be basically revealed through the 
14 days expansion value and the guidance limits recommended by the ASTM standards 
as previously described. Based on the 14 days expansion results, the efficiency of the 
different pozzolans dosage used can be judged by comparing it to the reference values. It 
can be noticed the 30% of Class F fly ash (mixture CF) or 10% of the metakaolin 
(mixture CM) could reduce the expansion values to nearly the acceptable limits. Also, 
6% of nano-silica (mixture CN2) could achieve the same or slightly better performance in 
terms of ASR mitigation. However, the most efficient mitigation performance, measured 
in terms of reducing the 14 days expansion, was achieved by combining the classical 
mitigation pozzolans with 3% of nano-silica. This can be observed by means of the 
significantly lower expansion values for mixtures CFN2 and CMN. 
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The long term expansion caused by ASR was also investigated in this study as shown in 
Table 16 and Figure 59, which presents the relationship between the expansion in mortar 
bars and the exposure time up to 80 days. It should be noticed that this long exposure 
period combined with the accelerated conditions simulate a very long period of ASR in 
actual service conditions. This period might even exceed the design service life for most 
structures, therefore this very high expansion values may not be observed in practice. 
Table 16 Expansion ratios in mortar bars. 
Mixture 
Average Expansion Ratio (%) 
14 days 28 days 80 days 
C0 0.335% 0.638% 1.055% 
CN1 0.190% 0.381% 1.117% 
CN2 0.094% 0.253% 0.903% 
CF 0.103% 0.258% 0.882% 
CFN1 0.108% 0.247% 0.788% 
CFN2 0.036% 0.165% 0.496% 
CM 0.107% 0.226% 0.750% 
CMN 0.051% 0.167% 0.582% 
 
The results of the long term expansion indicate that the rate of expansion was 
significantly reduced when supplementary cementitious materials were used. Generally, 
the control mixture (C0), containing only portland cement, represents the upper limit of 
the expansions at all ages of exposure except for mixture CN1 which had a slightly 
higher expansion at the end of the exposure period. For the control mixture, the rate of 
increase in expansion was higher during the first 30 days of the exposure, and starts 
gradually declining after 30 days and tends to reach a constant maximum value. For the 
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other seven mixtures, the expansion increase tended to follow almost a linear behavior 
after the first 14 days and up to the end of the exposure. 
 
Figure 59 Expansion in mortar bars at different exposure ages. 
 
After the exposure period, the mortar bars were left to cool down and air dry then they 
were visually inspected. Excessive cracking and deformation was observed in most of the 
bars at different levels after the relatively long period of accelerated ASR. Figure 60 
shows examples for the different levels of damage in mortar bars at the end of exposure 
for three of the tested mixtures. This figure indicates the severe damage and the excessive 
cracking in the control mixture (C0) due to the ASR gel expansion. Significantly lower 
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level of cracking can be noticed in case of using 30% class F fly ash (mixture CF). On the 
other hand, mixtures CFN2 combining fly ash and nano-silica experienced very low level 
of cracking after exposure knowing that this mixture recorded the lowest percentage of 
expansion at the end of exposures (see Table 16). Generally, for all the mixtures, the 
extent of cracking observed was proportional to the expansion ratio measured at the end 
of exposure. 
7.3.2  ASR effect on compressive strength 
In the second phase of this study, the effect of ASR on the mechanical properties of 
concrete was investigated. The compressive strength of concrete cylinders was evaluated 
at 28 days and 180 days after mixing. Two groups of cylinders were tested for each 
mixture at these ages. The first group was kept in the standard curing conditions, while 
the second group was exposed to an accelerated ASR attack similar to the exposure of the 
mortar bars. The first group represents no ASR effect as these periods are insufficient to 
initiate ASR under normal curing conditions. Conversely, the other group immersed in 
NaOH solution at 80°C simulates an aggressive ASR effect. 
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Figure 60 Mortar bars after exposure for mixture C0, CF and CFN2. 
 
In order to monitor the change in the mechanical properties of concrete cylinders during 
the exposure period, the DME of the specimens was evaluated every 1-2 weeks during 
the first 3 months of exposure. The RDME was plotted against the exposure time as 
shown as an example plot in Figure 61 showing mixture CR-0 results. Despite some 
available literature reporting reduction of RDME due to ASR (Swamy and Al-Asali, 
1988; Fan and Hanson, 1998; Rivard and Saint-Pierre, 2009), the results indicated 
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insignificant variation in the measured value for all the tested mixtures. This may be 
attributed to the accumulation of the silica gel within the cracks generated due to 
expansion. This accumulated gel provided a solid medium transferring the vibration 
through the crack without noticeable change in the measured resonance frequency. 
 
Figure 61 Change in RDME for CR-0 during exposure. 
 
Unlike the mortar bars, no visible cracking or signs of deterioration were visible on any 
of the cylinders subject to the accelerated ASR exposure except for presence of white 
precipitation on the surface of the cylinders. Figure 62 shows three typical cylinder 
specimens at the end of the 180 days exposure period. This lack of visual damage may be 
attributed to the lower rate of reaction in case of concrete compared to the mortar 
mixtures. As the reaction takes place mainly on the surface of the aggregates, the large 
amounts of fine aggregates in mortars provided a larger surface area for the reaction and 
therefore more rapid ASR. Additionally, presence of coarse aggregate in concrete 
mixtures may provide some form of internal support limiting excessive cracking and 
expansion caused by ASR especially during the early ages (Zhang et al., 1999). 
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Figure 62 Concrete cylinders after 180 days of exposure. 
 
For most of the mixtures, the strength of the cylinders subjected to the aggressive ASR 
accelerated exposure was lower than the strength of the corresponding specimens kept in 
the curing tank. This reduction in strength is believed to be the structural effect of the 
ASR, as the specimens in normal curing conditions are considered to experience no ASR 
reaction due to the short period, as previously discussed. Figures 63 and 64 illustrate the 
average compressive strength of the six concrete mixtures at 28 and 180 days, 
respectively. Also, Table 17 presents the percentage of reduction in compressive strength 
due to ASR at the two testing ages. This percentage was calculated for each age as the 
difference between the compressive strengths of the two tested groups (the standard 
curing and accelerated ASR condition) divided by the strength of the cylinders in 
standard curing conditions. Evaluating these reduction percentages was a main goal of 
the experimental program, rather than comparing the strength of the different mixtures. 
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Figure 63 Compressive strength of concrete at 28 days. 
 
 
Figure 64 Compressive strength of concrete at 180 days. 
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Table 17 Percentage of reduction in strength due to ASR. 
Mixture 
Reduction in Compressive Strength (%)* 
28 days 180 days 
CR-0 30.4% 46.9% 
CR-N 9.5% 41.2% 
CR-F 5.3% 27.8% 
CR-FN -3.6% 45.8% 
CR-M 11.4% 32.4% 
CR-MN 10.6% 42.5% 
* Postive values indicates reduction in strength. 
 
As shown in Figures 63 and 64, as well as Table 17, the control mixture (C0) experienced 
the highest values of strength reduction at 28 and 180 days. Despite the extremely high 
temperature of the solution surrounding the specimens during exposure which should 
accelerate the hydration and pozzolanic reactions compared to curing tank conditions, a 
considerable drop of strength could still be observed. This drop in strength 
(approximately 30% and 47%) may have a significant effect on the performance of 
concrete structures having relatively long design service life. At 28 days, mixtures 
incorporating Class F fly ash (CR-F) or both fly ash and nano-silica (CR-FN) 
experienced very low levels of change in strength which fall around the normal variation 
in experimental results. These results, along with the expansion values, indicate that 
using Class F fly ash or combing it with nano-silica is an effective technique in terms of 
mitigation of ASR effect. In addition, using metakaolin, nano-silica or combining both of 
them caused significant improvement in terms of strength reduction at 28 days of 
exposure. The strength reduction for these mixtures was around 10% at 28 days which 
may not be considered a critical value for the structural performance. After 180 days of 
exposure, most mixtures had significant strength reduction. It should be noted that the 
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180 days of accelerated exposure is an extremely aggressive testing regime which may 
not exist in the service life of a structure. However, all of the mitigation techniques used 
showed better performance than the control mixture at different degrees. 
7.4 ASR Testing Conclusions 
As a relatively new material, there was insufficient experimental data about the effect of 
nano-silica on ASR. One of the main objectives of this study was to investigate the effect 
nano-silica on ASR mitigation. Based on the results of this study, incorporating nano-
silica in concrete or mortar mixtures generally did not intensify the effect of ASR. 
Moreover, using relatively high dosages of nano-silica slowed down the reaction and 
suppressed its effect on concrete. This may be attributed to the improvement of the 
microstructure of the cement matrix and increase of its strength as described in chapter 3 
and 5 of this study. 
This study indicates that ternary cementitious blends incorporating nano silica performed 
significantly better than the binary blends containing cement and pozzolans only.  In 
terms of reducing expansion and strength loss caused by ASR, the best results were 
achieved in cases of using fly ash or metakaolin combined with nano-silica. This 
phenomenon may be explained by the rapid acceleration of the pozzolanic reaction in 
presence of nano silica particles as confirmed by the results of the thermogravimetric 
analysis presented in chapter 5 and the higher strength gain rate shown in chapter 3. This 
rapid pozzolanic reaction helps consuming large amount of portlandite (calcium 
hydroxide), which reduces the alkalinity inside the pores of the hardened cement matrix ( 
Thomas at al., 1999 and Thomas et al., 2012). The reduction of alkalinity of the pore 
109 
 
solution may retard the reaction between the alkalis and the amorphous silica in 
aggregates which is responsible for the formation of the expansive gel. 
Generally, the effect of nano-silica conforms to the literature about using silica fume for 
ASR mitigation. However, relatively very low dosages of nano-silica (as low as 3% of 
cementitious materials) were effective in terms of ASR mitigation compared to higher 
addition rates normally used for micro-silica. In addition, the adequate dispersion of the 
colloidal nano-silica prevent some problems of excessive expansions that may be 
observed in some case of using granulated silica fume as reported in literature 
(Pettersson, 1992). 
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Chapter 8: Conclusions and Recommendations 
The study addressed a broad research program involving different aspects of nano-silica 
use in concrete. Further understanding of the effect of this new material on the macro- 
and micro- scale characteristics of concrete was provided. The results presented in this 
study show that various aspects of concrete performance may be controlled through the 
addition of low dosages of nano-silica. This new material, which may be considered as a 
breakthrough in concrete industry, enables the development of high performance concrete 
at considerably lower cost and with improved ecological carbon footprint. 
8.1 Summary and Conclusions 
Considering the materials, mixture designs, and testing methods implemented in the 
present study, the following conclusions can be drawn: 
• The overall performance of concrete, with or without fly ash, was significantly 
improved with the addition of variable dosages of nano-silica. 
• For mixtures incorporating nano-silica, the increase in the peak temperature recorded 
within 15 hours after mixing indicated that the ultrafine nature of nano-silica was 
responsible for speeding up the kinetics of hydration reactions.   
• At all curing ages, the strength generally increased with the addition of nano-silica up 
to 6%. In particular, at 28 days, the compressive strength was considerably improved 
for mixtures incorporating 30% Class F fly ash and nano-silica, which indicates that 
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the inherently slower rate of strength development of concrete containing Class F fly 
ash can be controlled by the addition of small dosages of nano-silica.  
• The concrete resistance to abrasion was improved with the addition of nano-silica 
especially for the mixture including portland cement as a single binder. The abraded 
volume was reduced by around 23% with the addition of 3% of nano-silica, while 
adding 6% nano-silica resulted in 36% lower volume of abrasion. This improvement 
agreed with the mechanical properties indicating significant enhancement of concrete 
microstructure which was confirmed by the MIP and SEM results. 
• The RCPT results showed that the passing charges and physical chloride ion 
penetration depths significantly decreased with the addition of nano-silica. This 
suggested that the incorporation of small dosages of nano-silica has a pronounced 
effect on reducing the conductivity and refining the pore structure of the cementitious 
matrix. 
• MIP results showed that the total porosity and the threshold pore diameter were 
significantly lower for mixtures containing nano-silica. More refinement of the pore 
structure was achieved with increasing the nano-silica dosage up to 6%. 
• TG results indicated that the addition of nano-silica led to significant consumption of 
portlandite (CH) in the pozzolanic reaction. However, increasing the dosage of nano-
silica from 3% to 6% did not increase the consumption of CH, which suggests that the 
general improvement in performance associated with the increase of the nano-silica 
addition from 3% to 6% may be mainly attributed to the physical filler effect in the 
cementitious matrix. BSEM analysis showed notable densification in the ITZ for 
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specimens containing nano-silica. Also, for specimens containing Class F fly ash and 
nano-silica, BSEM showed higher degree of hydration at 28 days relative the control 
mixture containing only Class F fly ash. This suggests that the delay in microstructure 
development and durability improvement of concrete comprising Class F fly ash can 
be mitigated by the addition of small dosages of nano-silica. 
• Damage caused by crystallization of salt in concrete pores should be considered as an 
important cause of damage in areas with salt-rich soils. This type of environmental 
attack should be taken into account during the concrete mixture design especially in 
regions with hot and dry seasons. 
• PSA damage could be observed in form of surface deterioration which can be mainly 
measured in lab as the mass loss of specimens. Generally, mixtures including portland 
cement as a single binder showed higher resistance to PSA. Addition of different 
dosages of nano-silica significantly improved PSA resistance expressed in terms of 
mass loss during testing. However, for mixtures incorporating fly ash, the nano-silica 
addition was not effective in enhancing PSA resistance. 
• The porosity of concrete as well as the pore size distribution may affect the surface 
damage caused by PSA. The total porosity may play a significant role in determining 
PSA resistance particularly for mixtures with single binder (OPC). Experimental 
results indicate that excessive pore refinement may increase the vulnerability of 
damage caused by PSA especially for mixtures having relatively high total porosity. 
• Water absorption test may be used as an effective and rapid tool to asses/compare the 
ability of concrete to resist PSA. However, experimental results indicate that this test 
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may be binder dependent when related to the PSA resistance. The total absorption as 
well as the secondary absorption rate measured during absorption test was remarkably 
related to the mass loss caused by PSA for mixtures with portland cement as a single 
binder. On the other hand, these correlations were less accurate for mixtures with fly 
ash  
• Nano-silica could mitigate the effect of ASR on concrete and mortar expansion. 
However, combining nano-silica with other pozzolanic materials like fly ash or 
metakaolin showed the best performance in terms of reducing expansion or 
preventing strength reduction due to ASR. This is attributed to the accelerated 
pozzolanic reaction caused by the nano-silica which help reducing the alkalinity of 
concrete pores solution and improving microstructure. This was also confirmed by the 
TG and MIP results. 
8.2 Recommendations and Future Research 
Nanotechnology can be the next big move in concrete industry due to the potential in 
terms of controlling concrete performance either on the micro or macro level. Materials 
of nano –sized particle had shown significant different behavior than materials having the 
same chemical compositions with larger particle size. Therefore, different materials 
should be investigated in the nano particle arena as concrete additives. 
Nano-silica can be of economical and ecological value if used to control the strength gain 
rate and durability of concrete. Using this new material can be the clean and economic 
alternative of increasing the cementitious materials content. In applications like 
pavements and overlay repairs, significantly high cement content is usually used for the 
114 
 
sole purpose of achieving very high strength to open roads for traffic. Nano-silica may 
reduce the amounts of the cement needed in these cases as it can control strength gain 
rate by controlling the added dosages. 
The next step for the research of nano-silica in concrete should be testing nano-particles 
with the different types of pozzolans including those types known to have problems with 
performance or strength gain rate or durability. In addition, nano-silica may also be 
investigated when used with materials having ASR issues including recycled concrete 
and Class C fly ash. 
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